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FOREWORD

This supplementary report to the Air Force Final Technical Report
AFWAL-TR-88-4049, covers work performed on conceptual design of airframes
and an initial effort on computerization of mechanically fastened
assemblies, conducted under Air Force Contract No. F33615-85-C-5016
from February 1, 1989 through May 31, 1989. The Air Force Technical
Report AFWAL-TR-88-4049, dated May 2, 1988, was for the contractual
period July 26, 1985 through September 30, 1987, and included the
following subjects: airframe design, cost drivers, manufacturing cost,
composite structures, mechanically fastened assemblies and superplastic
forming of titanium alloys.

The contract was sponsored by the Computer Integrated Manufacturing
Branch, Wright Research and Development Center. During the period of
technical performance, initially the Air Force Project Manager was Lt.
Eric J. Gunther and, later, Lt. Dean B. Griffin.

Battelle's Columbus Laboratories was the prime contractor. Mr.
Bryan R. Noton was the Program Manager and Principal Investigator.
Dr. David Pherson of Battelle conducted the work on computerization.
The development of the data on which the "Manufacturing Cost/Design
Guide for Conceptual Design" is based, was accomplished under a series
of contracts. These contracts, design curves, etc., are listed inne•,u~ C Prfrmnc u •,, Worl - u~e l-n

S l rgan n a number of

tedms. The participating aerospace companies and the project managers
for various periods, were:

Industrial Subcontractors Project Managers

General Dynamics Corporation, Fort Worth Ben E. Kaminski
Division Phillip M. Bunting

James E. Schidler
W. T. Trice

Grumman Aerospace Corporation Vincent T. Padden
Anthony J. Tornabe

Lockheed Aircraft Systems Company, California Anthony J. Pillera

Division John F. Workman

Metcut Research Associates, Inc. Robert L. Carlton

Northrop Corporation, Aircraft Group John R. Hendel
Al P. Langlois

Rockwell International Corporation, Ralph A. Anderson
North American Aircraft Operations Kenneth A. Henn

Leonardo Israeli

Rohr Industries, Inc. James R. Woodward
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SECTION 1.0
INTRODUCTION

The performance and quality achieved by designers and manufacturers
of defense and cormnercial aircraft and space systems, where the broad
structural design objectives include strength, stiffness, fatigue, damage
tolerance, reliability and maintainability, are impressive. The challenge
today is to improve performance and quality, but with increased emphasis
on cost. A number of aerospace systems with quite diversified missions
are currently at the brief conceptual design phase. With these new
systems, acquisition, operations and maintenance costs are emphasized
as being equal in importance to performance and schedule. Meeting these
requirements within the complex aerospace manufacturing environment
presents a very difficult task for all disciplines in the systems
development process. Characteristics of this environment include a
cyclic industry, a substantial number of companies responding to the
needs of a small number of customers, minimal automation and high
technology orientation driven by the quest for product excellence.
The difficulty in designing complex systems at low cost is evident.
Certainly, additional innovations in design configurations, utilization
of composite materials and superplastic formed titanium and manufacturing
technology developments, including test, inspection and evaluation
techniques, are required. Such innovations are most effectively
accomplished during conceptual design.

Unfortunately, it is not unusual in aerospace programs that only
a small percentage of the total development and production cost is alloca-
ted to this vital conceptual design phase. After all, the decisions
that are "molded-in-place" during that phase impact the total, frequentlymultibillion dollar, operations and maintenance costs. We mu'st also

realize that the conceptual design phase or "window of opportunity"
is where the leverage exists to not only respond innovatively to design
objectives such as damage tolerance, but also, of equal importance,
to minimize cost. As time and the design process progresses, the number
of engineering decisiuns Increases, but their impact decreasas to an
almost insignificant level. Thus, it is at the developmental phase
that designers need to address the specific cost drivers related to
performance, design, materials and manufacturing, including inspection,
usually becoming evident when aralyzing the aerospace system mission
requirements. As with other design considerations, the structural con-
figuration or concept can have the most significant impact on minimizing
manufacturing, inspection and repair costs.

It is at this early phase that cost reducing features such as part
consolidation, minimized fastener count, accessibility, interchangeability
and repairability can be more easily introduced and, particularly
important, subsequent costly engineering change traffic can be reduced.
While manufacturing engineers experienced in composites are frequently
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involved at the conceptual design phase, thereby minimizing the number
of these engineering changes, it is equally important that manufacturing
technology engineers, experienced with other materials and processes,
participate in all up-front decisions that impact their discipline.
Conventional and advanced metals also contribute to meeting the system
design requirements; for example, composite panels may be supported
by low-cost metallic substructures. The economic benefits of improving
design/manufacturitvg interaction cannot be overstressed; it is the key
to affordable performance.

In the case of a proposed aerospace system, or in fact any other
product, potential cost drivers in specific categories, such as
performance, design, materials, manufacturing and inspection are likely
to be apparent from the outset; i.e., when the first lines are drawn
or are displayed on the computer graphics screen. Similarly, it is
;,ssible to identify potential cost drivers during the initial evaluation
of a new composite material under development to improve, for example,
producibility or elevated temperature performance. The curing, tooling,
inspection and facility requirements soon become apparent and, when
their cost implications are considered early on, they do not later appear
as barriers hindering technology transfer to cost-competitive products.
Cost is seldom, if ever, considered at the outset of material development.

The trade-offs between manufacturing cost and mission performance
are extremely complex j with supersonic -and hypersoni4 vehices Ar4,
it is vitally important to seek out potential cost drivers and to address
these as soon as possible. Certain cost-driving features may be identi-
fied, such as the power plant being developed parallel with the airframe,
avionics escalating in cost, high-performance accessories (also providing
opportunities for advanced materials), double curvature and tapered
structural elements and assemblies, special purpose fasteners, butt
joints and limited use of automated assembly. However, with these high
performance systems, it is unlikely that performance will be significantly
downgraded to minimize acquisition cost.

On the other hand, the performance of a higher volume production,
low-speed aircraft is more likely to be compromised in design to reduce
cost. The features of such an aircraft are that an existing engine,
avionics and accessories are expected to be specified. The airframe
may be characterized by a constant section fuselage, constant section
control surfaces, interchangeable components, lap joints, common use
tooling, and maximum use of automatic riveting.

Because of the impressive progress, service experience and subsequent
designer and management confidence in several families of polymer-matrix
composites, these engineering materials have for some time been con-
sidered by designers as cost-competitive candidates with aluminum and
titanium. Therefore, it is important to stress the significance of
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the conceptual design phase leverage for maximizing the impact of
decisions; for identifying, analyzing and addressing cost drivers with
materials, manufacturing technology and systems; and for ensuring that
interaction is achieved not only between design and manufacturing for
composites, but also for all other candidate materials and manufacturing
technologies. When this is accomplished, the cost of engineering change
traffic, that can be responsible for 20 to 30 percent of the cost of
the first production system, and expensive redesign and rework of tooling,
will be substantially reduced. Cost must be reduced by identifying
cost drivers and promoting interdisciplinary interaction from day one!

To accomplish cost driver avoidance from day one, a "Manufacturing
Cost/Design Guide" (MC/DG) has been assembled for use in the conceptual
design phase. This MC/DG for conceptual design is presented with two
categories of charts of formats. These are firstly, those that show
the cost trends or hazards and are presented in a manner which enables
the designer to rapidly achieve an overview for both materials and manu-
facturing methods, and the second category of formats provide relative
or qualitative cost comparisons between materials, manufacturing,
inspection and dimensional alternatives. To conduct trade-off studies
providing the total manufacturing and inspection cost for each design
solution to the system performance and other objectives or, to determine
the total system and program cost, designers must consult References
5, 7 and 8 describing earlier phases of these Air Force contracts.

A computerized MC/DG can be utilized by designers to perform many
tasks determining the impact of often critical information that would
otherwise be time consuming, intricate and bothersome, if these effects
have to be determined through design charts. Potential applications
of a computerized MC/DG in design is to determine the impact of price
fluctuations typical with material shortages, energy problems, inflation
and the introduction of prcduction methods which result in changes in
the utilization rate of materials and, therefore, the capability to
utilize accurate current and/or projected material costs. This is
particularly true at the conceptual and preliminary design phases where
attempts to meet the performance objectives are made by utilizing
significant quantities of advanced materials, which are initially
expensive.

The determination of the impact of the location on the learning
curve of the production quantity under consideration for trade-off studies
is important. The current MC/DG data are based on urit 200, but the
prototype development of aircraft requiring, for example, trade-off
studies for five aircraft only, would have a much higher manufacturing
cost based on the learning curve. At the other end of the scale, is
a large production contract with obvious implications.
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A computerized MC/DG would also be of use in determining the impact
of lot release size, especially for those of less than 25 units. Fcr
most manufacturing technologies, beyond 25 units, the impact of lot
size is negligible for the purpose of typical trade-off studies; but
lot sizes below 15 units have, in most cases, a dramatic impact on cost.

The computerized design guide would be an invaluable aid in extra-
polating and interpolating dimensional data of airframe parts and
assemblies. The function of the computerized MC/DG is, in reality,
more of a necessity than of a convenience, because it is not possible
for the hard copy to contain all possible dimensions of aerospace parts.
In order to conduct a trade-off study, the designer must be able to
input the part dimensions.

Another useful feature of a computerized MC/DG would be the ability
to retrieve earlier design trade-off details in a readily usable and
recognizable form. This would allow the designer to quickly evaluate
past designs and determine what features would be applicable to the
present problem and what cost drivers to avoid. This feature would
be helpful to designers in preparing presentations to management detailing
how the chosen configuration for the part under study was developed
based on past experience, forecasts and, thus, imparting confidence
to the trade-off study conducted.

In summary, a computerized MC/DG can also be utilized by designers
to:

9 Determine the impact of material price fluctuations

* Determine the impact of learning curvee base, i.e. , aircraft
quantity ordered

* Determine the impact of lot size other than current data for
the detail ground rule of 25

* Determine the impact of labor-rate increases

@ Retrieve earlier design trade-off data in i readily usable and
recognizable form

• Extrapolate and interpolate dimensional data of part and assembly
manufacture.

The following are the principal features of the Air Force
"Manufacturing Cost/Design Guide":

• Provides the design engineer with the capability to rapidly
conduct, with high confidence levels, trade-off studies on cost
vs. performance of conventional and emerging manufacturing
technologies and materials vs. state-of-the-art technologies
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e Enables design engineers to identify and avoid cost drivers
when utilizing conventional and emerging materials and
manufacturing technologies

* Provides the design engineer with a single comprehensive source
of qualitative and quantitative (man-hour and cost) data related
to several conventional and emerging materials and manufacturing
technologies, instead of a large ,aumber of technical reports,
each related to one specific technology or material and each
based on markedly different ground rules

* The cost data provided in the guide are based on industry averages
and not from a single company. The guide has been developed
by a team and is, therefore, unbiased information conforming
to accepted ground rules

* The guide is prepared in design engineer's language. The designercan, therefore, readily analyze and utilize the data required.

* Enables the manufacturer to validate, for the customer, cost
proposals utilizing various materials and manufacturing
technologies

s Provides actual cost data and cost avoidance information
(qualitative) applicable at all design phases including for
determining the cost impact of engineering changes

e One of the major deterrents to the introduction of emerging
materials and technologies is a lack of comparative cost data.
The MC/DG, by providing such manufacturing man-hour data, enables
trade-off studies to be conducted and thus removes this deterrent

e Alerts design engineer to the fact that he or she may achieve
increased performance using advanced materials and new
manufacturing technologies at costs competitive with conventional
materials and processes

* Promotes interaction between design and manufacturing engineering
and the teamwork necessary to successfully ntroduce innovative
structural configurations, new materials and manufacturing
technologies

9 Reduces necessity of down-stream changes by bringing to the
attention of the design engineer the impact of decisions on
designer-influenced cost elements (DICE) and other cost drivers,
early in the design phase
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e Provides cost drivers .related to test, inspection and evaluation
(TI&E) and tooling cost, as well as manufacturing cost, and
therefore guides the designer in developing components and
structures that are easier to inspect

a Provides manufacturing cost data in basic formats: cost driver
effects, cost-estimating data and DICE, for discrete parts through
subassemblies

e Companies wishing to apply new materials and manufacturing
technologies have a source of industry developed cost data on
which to base decisions.

I
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SECTION 2.0
SPECIAL ASSIGNMENTS

2.1 CONCEPTUAL DESIGN PROCESS

This volume of the design guide enables designers to address
acquisition costs. Designers are rated on their performance with respect
to cost, weight and schedule in aerospace systems design, Figure 2.1-1.
The design guide addresses, at this time, only acquisition costs.
However, the designer must also be innovative with respect to design
for reliability and maintainability (R&M), now considered as co-equals
of acquisition cost, performance and schedule. Each of these cost factors
must be considered from day one.

The decreasing leverage for cost savings is shown in Figure 2.1-2.
A brief window of opportunity exists, during which only a small percentage
of the total systems development and production cost is expended. How-
ever, the decisions then made will influence the cumulative program
cost, which for many systems will be billions of dollars. Commitment
decisions are made at the conceptual design phase influencing all invest-
ments. The exploratory phase may range from three to five years, and
for the advanced development phase, an additional three to five years
may be necessary. It is during this period that advanced technologies
need to be applied to fully exploit the unique advantages of these
materiaIs or processes. Later in the development process, form, fit
and function requirements will preclude utilizing all advantageous
properties of emerging materials. At the beginning of the prototype
phase, 90-95% of the total program cost may have been committed. InReference 9, Mr. J. Gallagher, Chairman, Design Integration Subcommittee,
Design Engineering Committee, American Institute of Aeronautics and
Astronautics (AIAA), provided the following information illustrating
the distribution and number of designers involved in the conceptual
through support stages of a fighter aircraft;

Conceptual Preliminary

Design Design Development Production Support

Designers 10 50 250 100 100

Analysts 50 150 550 50 25

However, such comparisons may be complicated by some designers being
analysts and drafters and vice versa. In the exploratory development
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stages, even for extremely complex systems, such as intercontinental
ballistic missiles, the number of conceptual designers may be only two
or three and the length of the total program, which Includes production,
may run from two to three decades.

Typical decisions made from the preproposal through manufacturing
phases are shown in Figure 2.1-3. This, of course, is a generic diagram
and will not be applicable in all aerospace organizations. The abbrevia-
tions DTC and MTC refer to design-to-cost and manufacturing-to-cost,
respectively.

During each design phase shown in Figure 2.1-3, tooling decisions
are made. Tooling costs are normally cost-drivers. The life of the
tools must be amortized throughout the duration of the program. Typical
tooling decisions are shown in Figure 2.1-4. Again, this is a generic
diagram and is not expected to apply to all aerospace companies. However,
Figures 2.1-3 and 2.1-4 are useful in indicating to unseasoned designers
the impact of other disciplines on their decisions and system objectives.

2.2 CONCEPTUAL DESIGN APPLICATIONS OF COST/DESIGN GUIDE

Seven volumes of the "Manufacturing Cost/Design Guide" (MC/DG)
have been prepared to enable trade-off studies to be conducted at all
-hasonf the design process- The conceptual designer must be aware
of cost-driver hazards and the decisions that can alleviate or avoid
them. Toward this end, the "MC/DG for Conceptual Design" provides timely
analysis of the materials and manufacturing technologies currently in
use in the aerospace industry..

As pointed out earlier in this report, designers must consider
cost with weight and other performance critical factors from day one.
However, trade-off studies of the types which precede each manufacturing
technology section of the MC/DG volumes prepared, are not necessarily

applicable at day one. For example, the MC/DG volumes in References
5, 7 and 8 are used when the number of frames, longerons and stringers
and their geometries for a fuselage panel assembly have been determined.
It is therefore appropriate to present first, an overview of the cost
hazards for each of the technologies and materials analyzed in References
5, 7 and 8 and, second, comparative charts or formats showing the impact
of manufacturing technologies, discrete part dimensions, etc. These
two groups of formats or charts are presented in Sections 2.3.1 and
2.3.2, respectively, and are applied in the conceptual design phase
where innovative structural design concepts need to be developed. It
is at this time, that the manufacturing methods, including assembly
techniques, are, in general, determined. In the case of a fuselage
panel, the materials and configuration of skins, panels, frames and
stringers (number and shapes), are determined.
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The applicability of the two categories of conceptual design formats
is shown in Figure 2.1-5. To determine the data on which these curves
are based, a series of discrete parts, i.e., base parts with designer
influenced cost elements (DICE) were analyzed using cost estimating
methods generally accepted throughout industry. These methods are
discussed in Reference 5, and typical parts analyzed are shown in Figure
2.1-6. The base parts, DICE and joining trade-off factors for sheet
metal assemblies are shown in Figure 2.1-7 to indicate how a trade-off
study is conducted. The interaction between the MC/DG and the design
process is shown in Figure 2.1-8. In the latter figure, it will be
noted that when selecting the material, etc., the designer must consider
factors such as temperature, environment, galvanic compatibility, material
allowables, heat treatment, damageability, fatigue life and available
space.

The formats or charts are presented in such a way that the designer
can identify and maximize the number of cost-drivers addressed during
the design process. The illustrations are also intended to stimulate
designer interest in reducing costs and are, therefore, structured to
address the needs of the designer in a simple, not time consuming way.

In summary, the input at the conceptual design phase considerations
will include quantity, aerospace system general configuration, loads,
cost/weight relationships, maintenance and environmental factors. The
output, using the 'MC/DG for Conceptual Design", will be affordable
conceptual designs, material systems, assembly configurations with some
details and cost/weight-effective use of emerging materials and
manufacturing technologies -- all leading to lower acquisition costs.
However, it should be stressed that the complete series of MC/DG volumes
can also be utilized to evaluate the production costs of various
alternative designs, which not only respond to weight and similar
performance requirements, but also to the maintenance and repair
requirements of the life cycle of the system.

2.3 CONCEPTUAL DESIGN GUIDE ORGANIZATION

2.3.1 Cost Hazard Avoidance

Each format included in this section indicates the magnitude
(relative or actual) of one or more cost-drivers. Due to the complexity
of some of the manufacturing processes, diagrams have been prepared
to quickly reveal potential cost hazards. For example, in the case
of machining, the increase or decrease of cost, material removal rate,
or material utilization, is presented as a function of the primary
parameter in this diagram. The diagrams are prepared not only to guide
the conceptual designer in the direction of low-cost structural assemblies
and discrete parts, but also to provide guidance to manufacturing,
procurement and management personnel, and indeed the customer, with
a ready overview of these cost-drivers. By utilizing References 5,
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SHEET-METAL AEROSPACE BASE PARTS
EXAMPLE:

ALUMINUM STRINGERS
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FIGURE 2.1-6 SAMPLE PARTS USED TO DERIVE COST DATA FOR MC/DG
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7 and 8, the designer can determine the man-hours of each cost-driver.
Such guidance will prove to be very useful to inexperienced or unseasoned
designers, who may not have shop experience or have been trained in
design at the colleges or universities. Furthermore, these diagrams
promote and encourage design/manufacturing interaction, so important
in achieving lower cost aerospace systems that perform efficiently
throughout their life cycle.

Serving as an example, let us study machining. The most significant

cost-drivers are:

* Materials type and heat treat range

e Volume of material removed

* Surface finish requirements

o Dimensional tolerances.

When designing machined bulkheads, frames, ribs or spars, the designer
must address the following cost-drivers:

* Size e Varying flange angles

* Material removed * Boring and drilling of holes

* Pockets or slots e Varying corner radii and schamfers

* Internal stiffeners

Further, in the case of machining, the following are a series of designer
influenced cost elements (DICE) which must be consider:

* Taper e Webs/flanges

e Pockets * Tolerances

* Blind holes # Surface finish.

It is again important to emphasize that material selection for
an airframe is a complex process that does not relate only to cost.
Factors frequently involved in finalizing, for example, an alloy selection
and which may precede cost considerations are:

* Tensile and compressive strengths

* Bearing strength

9 Fatigue strength

* Damage tolerance
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* Corrosion avoidance

# Available space for the part.

2.3.1.1 Manufacturing Technolhgies

This report section addresses the manufacturing technologies which
have been earlier analyzed and provides the designer with an overview
of significant cost-drivers, many of which need to be addressed at the
outset of system development. The majority will eventually be considered
in trade-•,ff studies until the production go-ahead is given. These
manufacturing technologies considered here are for:

e Sheet metal

e Extrusions

* Castings

* Forgings

* Machining (metals)

* Mechanically fastened assemblies

* Composite methods

e Superplastic forming.

2.3.1.2 Test, Inspection and Evaluation

In many trade-off studies, the man-hours involved in the complex
test, inspection and evaluation (TI&E) processes are seldom evaluated
or included in the analysis. In some cases, results of the trade-off
studies will not be meaningful or of sufficient accuracy unless the
man-hours for TI&E are included. In this section, a series of
illustrations are presented to guide the designer With respect to TI&E.
The technologies included are:

* Casting

o Forging

e Composites

o Assembly.
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2.3.2 Cost-Driver Effect Design Charts

2.3.2.1 Manufacturing Technologies

The objective of this section of the "MCiDG for Conceptual Design"
is to provide the relative cost of various cost drivers, materials and
manufacturing technologies, for the following:

e Sheet metal

* Extrusions

e Castings

* Forgings

e Machining (metals)

* Mechanically fastened assemblies

* Composites

* Superplastic forming (SPF)

e Test, inspection and evaluation (TI&E).

Again, these formats are not used for trade-off studies, but are intended
to guide the designer, from the outset, in the development of lower-cost
discrete parts, structural design configurations and assemblies. In
several instances, the designer influenced cost elements (DICE) are
also presented to indicate to the designer the potential cost of certain
design refinements normally specified. By reviewing these qualitative
formats, the de3igner will be able to make high-confidence decisions
leading to low-cost designs, while also meeting the other design require-
ments mentioned earlier, e.g., ease of repair. In each case, the formats
have been based on calculations in accordance with detailed and general
ground rules published in References 5, 7 and 8.

2.3.2.2 Test, Inspection and Evaluation

The need for qualitative and quantitative data for test, inspection
and evaluation (TI&E) was discussed in Section 2.1.1.2 of this report.
The formats showing relative trends for sheet metal, composites and
machining are included in the second category for conceptual design
use. However, the user should also refer to the cost-driver effect
(CDE) volumes (References 5, 7 and 8) for additional information useful
to design for ease of inspection.
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2.4 FORMAT AND GROUND RULE LOCATORS

A large number of designer-oriented formats or charts have been
prepared under four Air Force contracts from 1975 through 1988. These
contracts are:

e F33615-75-C-5194

* F33615-77-C-5027

* F33615-79-C-5102

* F33615-85-C-5016.

The series of volumes contain both formats and ground rules for
manufacturing technologies applicable to both metallic and composite
materials and structures.

To aid designers in retrieving this data, a series of format and
ground rule locators have been prepared. These locators are included
in this report as Appendix C.
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2.5 LEARNING CURVES

2.5.1 The Theoretical Curve

During the application of the MC/DG for conducting trade-off studies
between structural performance (which also includes such considerations
as damageability, corrosion, etc.) and manufacturing cost, it is necessary
to refer to typical aerospace industry learning curve factors such as
shown in Table 2.5-1.

In referring to the ground rules for the various manufacturing
technologies in References 5, 7, and 8, the designer needs to have some
knowledge of those costs which are included or omitted in the ground
rules unde'- recurring and nonrecurring cost categories. These are
indicated below:

a) Recurring Costs

* Rate or production tooling (tool design, numerically controlled
programming, production planning, tool manufacturing)

e Tool maintenance (repair, realignment and refurbishment)

. Production labor

* Inspection labor (quality control)

* Material cost (raw material and procurement)

# Engineering changes (increase or decrease cost)

9 Engineering maintenance (liaison, etc.)

* Manufacturing engineering (liaison)

# Production control

9 Production planning (work orders, etc.)

9 Industrial engineering

@ Configuration control/verification

* Methods, studies and improvements

e Perishable or consumable tools (cutters/drills, reamers, etc.)

* Facilities and equipment maintenance

- Recruiting and training personnel.
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TABLE 2.5-1 TYPICAL AEROSPACE INDUSTRY LEARNING CURVE VALUES

Learning Curve
Manufacturing Category Value

Assembly; Controls 85%

Assembly; Electrical 80%

Assembly; Hydraulics, Pneumatics 85%

Structural Assembly - Bench (Sheet Metal Parts) 85%

Structural Assembly - Floor 75%

Structural Assembly - Final 70%

Mechanism Assembly - Bench (Machined Parts) 80%

Functional Installation 65%

Machining; Conventional 80%

Machining; Numerical Control 95%

Filament Winding 85-90%

Pul trusion/Wrapping 85%

Sheet Metal Fabrication 90%

Composite Lay-up 85%

Adhesive Bonding
- Assembly 75-80%
- Curing 90%

Brazing 75%

Welding 70-80%
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b) Nonrecurring costs

* Basic engineering design/specifications

* Initial or basic manufacturing engineering costs (tool design,
NC programming, production planning and tool manufacturing)

* Rearrangement costs for factory and facilities for new products

and new equipment

. Tool inspection of basic and initial tooling

* Bidding/proposal cost

* Engineering testing and evaluation

* Original Industrial engineering (time standard data/line loading,
etc.)

* Quality control procedures/testing support.

A typical learning curve for military aircraft production is shown
in Figure 2.5-1.

2.5.2 Actual Learning Curves

For any product to be competitive, learning must always be achieved.
However, there are specific, frequently observed reasons for failure
to achieve learning improvement, and these include:

* Basic cost estimating inaccuracies

* Inconsistent ground rules

* Economic order quantity not achieved throughout program (schedules
may be stretched on large projects)

* Skilled labor turnover on multiyear projects

* Quality assurance costs are initially underestimated, especially
for advanced materials and Joining methods

* Significant engineering changes incorporated after production
go-ahead

2-16



*W CC,

44 0 -

II

ILI=

-1-2-17



e Past experience may not be carried over for all project types

e Lack of financial incentives

# Flow of materials and parts not optimized, e.g., group technology
and computer integrated manufacturing system may not be widely
used

* Cost schedule monitoring through manufacturing to output require-
ments inadequate

* Lack of emphasis on sustaining engineering to minimize high
cost areas.

It should be noted that a larger number of formats or charts are
included for superplastic forming (SPF) than for the other manufacturing
technologies in the "MC/DG for Conceptual Design". For certain categories
of aerospace vehicles, SPF is still considered to be an emerging
technology. Probably the most effective way to achieve technology
transfer of an emerging technology is to provide cost information at
the outset of system's development. This enables the designer to
establish realistic cost-effectiveness values of merit to justify the
use of the technology. The data also enables the designer to address
any cost-drivers with the emerging technology and to request assistance
of manufacturing engineering and other associated disciplines.
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DESIGNERS! COST TRENDS

MANUFACTURING
SHEET METAL PARTS:

ALUMINUM STRINGER ALUMINUM BEADED PANEL

Part Length Am.

ALUMINUM FAIRING ALUMINUM RIB

Area Am

ALUMINUM SKIN TITANIUM FRAME

Area Area

TITANIUM STRINGER TITANIUM SKIN

Part Length Aroa
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DESIGNERS! COST TRENDS

MANUFACTURING
EXTRUSIONS:

7178- TI H. S.1"6511 Steel

Alloy lVp, Mt I TypeA

CURVfTURE. CURVATURE/
ALUMINUM TITANIUM &

STEEL

Straight Curved Straight Curved
im m lnl

SETUP COST I DIE COST

-n-

Number of Perue ClrcI bamete

LENGTH/ALUMINUM LENGTHMTA-NIUM
L-• I- -

00 ......

Length Length

HEAT TREATIAGE:
ALUMINUM

Trim Length Length
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DESIGNERS! COST TRENDS

MANUFACTURING
CASTINGS:_

CASTING COST TOOL COST

17.4PH Al Al 17-4 PH

Al 35 7- P

Sand Invet. Invet Sand Invest. Invest.

PURCHASING AMOUNT SPECIFICATION

Quantity Qait

PROCESS TlHICKNESS __
Quentity Thicknwes

CORESISUPPORT HOLES

C- Through
I m" --e 

- - -o -~ -
_... A l•None __Nn

Min. Support Max. Length/IDimetr
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DESIGNERS! COST TRENDS

MANUFACTURING
FORGINGS"

ALUMINUM TITANIUM AND STEEL

Quantity Quantity

SIZE . ALUMINUM/PRECISION

Plan Area Rib Height

ALUMINUM/PRECISION ALUMINUM/PRECISION

Web Thickness Quantity

ALUMINUM/PRECISION MACHINING OF
FORGINGS

Plan Area Total Tolerance
i - .

Al

Hole Diameter
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DESIGNERSI COST TRENDS

MANUFACTURING
MACHINING:

Ft.Quantity .. ume of Material Remoe

Material Hardness Part Compiailty/SI

_____________ t____________
'Plate Forging Wing Skin Ama

Imp.oe Finish Tolerance, & Finish

Skin To .per Cutter length/Diorneter
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DESIGNERS! COST TRENDS
MANUFACTURING
MACHINING:

E
1-~"n __ _ _ _ _ _It 

_ _ _ _ _ _ _ _ _
Cutter Diameter Flange Thickness

Web Thickness~ Rib Depth

Flange Radius Pocket Depth

- S

*Slot Depth Bait Size/Hardness

E3
Hole Depth Hole Diameter/Tolerance
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DESIGNERS! COST TRENDS

MANUFACTURING
MACHINING:

Edge Radii & Tolerance External Spline Count/Diameter

E

Internal Spline Count/Length Internal Kewawy Length

Allowable Mismatch Burr Length
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DESIGNERS! COST TRENDS
MANUFACTURING
MECHANICALLY FASTENED ASSEMZLIESsw

ALUMINUM SPAR ALUMINUM WING PANELS

Mat. Fab. Ay.mat. Feb. My

ALUMINUM WING BOX RIBS & BULKHEADS

Mat. Fab. MAgy. Mat. Fab. Asay.

ALUMINM TITAIU

Stoo
4 ;oW 

et

Percent. A/to Rerent Auo
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DESIGNERS! COST TRENDS
MANUFACTURING
CARBON/EPOXY COMPOSITES:

"" ____I____

Tape Width Degree of Automation

c m7E
T I_ _ __ ___ __

Lineal Shapes Curvature of Lineal Shape.
Sine4

SKIN: SINGLE CURVATURE

BArea

Web Types Area

LINEAL SHAPES

Tooling Part Length
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DESIGNERS! COST TRENDS
MANUFACTURING
CARBON/EPOXY COMPOSITES:w

RUBBER BAGS EXPANDABLE TOOLING

ASSEMBLY COST

Area Bond Area

COCURED ASSEMBLY HOLE REINFORCEMENT

---- - -- - --- -t

Total Tool Area Doubler Area
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DESIGNERS! COST TRENDS
MANUFACTURING
SUPERPLASTIC FORMING I TITANIUM:

Fabrication

Materials

Part Size

DIAPHRAGM DRAPE

PNrt sizn Part Size

4 Material Gage ThicknssToeranc

Part Count Span/Depth Ratio
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DESIGNERS! COST TRENDS

MANUFACTURING
SUPERPLASTIC FORMING I TITANIUM:

Male Radius Female Radius

Ceramic Al. Supeml.

Tool Materials Chem. Mill Am

Draft Angle Surface Finish
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DESIGNERS! COST TRENDS
TEST, INSPECTION & EVAWATION FOR
ASSEMBLIES"I ALUMINUM ASI MIES TITANIUM

Feefew Count PIISM Count

ALUMINUM AND TITANIUM
ASS.MBUES&TOOUNG COST

Past-w Count
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DESIGNERS! COST TRENDS

TEST, INSPECTION & EVA WATION FOR
CASTINGS:I ALUMINUM AND STEEL ALUMINUM AND STEEL

CASTINGS CASTINGSI

Box Wlumne Box Wlufme

X-RAY PENETRIANT

Film Area Cagting Weigh'I MAGNETIC
PAR4TICLE

I Casting Weilght

2-33



DESIGNERS! COST TRENDS
TEST, INSPECTION & EVALUATION FOR
FlORGiNGmSo

FINISH ULTRASONIC: ALUMINUM

doodeo PRECISION FORGING

Surface Finish Plan Area
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DESIGNERS! COST TRENDS

TEST, INSPECTION & EVAWATION FOR
CARBON/EPOXY COMPOSITES,

CUT-OUTS & DOUBLERS

Defect Size Quantity

STRINGERS (RECURRING) STRINGERS

Length Length

SKIN: SINGLE CURVATURE SKIN: SINGLE CURVATURE

Area Area

WEB: SINE WAVE WEB: SINE WAVE

Length Length
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CONCEPTUAL DESIGN (CD)

SHEET METAL

SI l nEXTRUSIONS

~~CASTINGS~
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I MACHINING

i II

(METALS)

I ~MECHANICALLY, I
FASTENED ASSEMBLIES

[ ~COMPOSITESj

[SUPERPLASTIC FORMING (SPF)
IAND SPF DIFFUSION BONDINGI ~(SPF/DB)

TEST, INSPECTION ANDIEVALUA4TION (TI&E)

FIGURE 2.3-10 SELECTION AID FOR TECHNOLOGY COST GUIDANCE
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CONCEPTUAL DESIGN (CD)

..........
FORMAT SELECTION AID FOR SHEET METAL

TECHNOLOGY COST GUIDANCE PARTS

I
SHEET METAL CD

EKTRUSIONS
STRUCTURAL
MEMBERS

E CASTINGS ::1 Effect of Cross-
I Section and

FORGING$ Material for:F I
Straight Lineal Shapes

CD-M-

(METALS) Contoured Lineal ShapesF MACHINING 7
1 1- CD-M-11

MECHANICALLY.
R48TENED ASSEMBLIES

I I MANUFACTURING

E COMPOSITES 

METHODS

I Effect of Forming

SUPERPLASTIC FORMING (SPF) Process and
Material for:

AND SPF DIFFUSION BONDING & ; I
(SPAVB) Straight Lineal Shapes

CD-P-l

TESr, INSPECTION AND Contoured Lineal Shapes
EVALL44TION (TIAE) CD-P-11

Single Curvature Skin
CD-P-W

=DICE*

rious Complexities
Tesigner Influe nced Cost Elements =-ýQQ-DICE.l
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EFFECT OF CROSS-SECTION AND.MATERIAL ON PART
FORMING COST

STRAIGHT LINEAL SHAPES
RELATIVE RECURRING PLUS NON.RICURRINO COST

21014TM ALUMNUM M415-7MO STEEL OAh.4V TITANIUM'

S

3

a

L C ~F1 L CILL

m uoo-uucufRING TOOLING 4NOT.POSNO fROCESES WOLYCDM

EFFECT OF CROSS-SECTION AND MATERIAL ON PART
FORMING COST

CURVED LINEAL SHAPES
RELATIVE RECURRING PLUS NOWNI.tNCiING COST

3U4-TO2 ALUMINUM P1116-70 STEEL GAI-4V TITANIUM

1160

)2.0

L -
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EFFECT OF FORMING PROCESS AND MATERIAL
ON PART FORMING COST

STRAIGHT LINEAL SHAPES
RECURRING PLUS NON-RECURRING COSTS

2024-T62 ALUMINUM PHIS-7MO STEEL GAL-4V TITANIUM
5.0

4.0

• 3.0

CC 2.0

I #

4 L-' 4.

SNON-RECURRING TOOLING, AMORTIZED OVER 200 UNITS C--
R.T.-ROOM TEMPERATURE

EFFECT OF FORMING PROCESS AND MATERIAL
ON PART FORMING COST

CURVED LINEAL SHAPES
RECURRING PLUS NON-RECURRING COSTS

2024-T62 ALUMIW4UM PH IS-7MO STEEL GAL-4V TITANIUM
5.0

0U

> 3.0

292.0

0 - ago],,+

• NON-RECURRING TOOLING, AMORTIZED OVER 200 UNITS

SHOT STRETCH SEE GROUND RULES FOR LIMITATIONS AND CONDITIONS 'PI

2-39



EFFECT OF FORMING PROCESS AND MATERIAL
ON PART FORMING COST

SINGLE CURVATURE SKIN

RECURRING PLUS NON.RECURRING COSTS, INCLUDING TRIM

2024 ALUMINUM PHIS-7Mo STEEL 6AI-4V TITANIUM

51> 3

44 % 0--- AA-o m

• NON-RECURRNG TOOLING

R.T. '• ROOM TEMPERATURE ICD'P'ilI
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CONCEPTUAL DESIGN (CD)

SFORMAT SELECTION AID FOR EXTRUDED
ITECHNOLOGY COST GUIDANCE PARTS

F SHEET METAL 
D

S~EXTRUSIONS

MATERIAL TYPE

SCASTINGS________
Effect of Alloy

Type on Aluminum
Extru__on Cost

FORGINGS CD-EXTN.I

Effect of Material
MACHINING - on Extrusion Cost

(METALS) CD-EXTN-II

MECHANICALLY- ]"•'

FASTENED ASSEMBLIES MANUFACTURING
7 METHODS

S COMPOSITES Curved Members
from Extrusion-Aluminum I

SUPEPLATIC ORMNG (PF)CD-EXTN-lll
.SPIB Curved Members

from Extrusion-SteelI ECD-EXTN-V

2-41

EVALLU4TION ,tl'&E) Curved Memb~ers
Efrom Extrusion-Titanium

CD-EXTN-IV

.• Trimmed vs. i

As-Extruded Edges
CD.EXTN.VI
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EFFECT OF MATERIAL ON COST OF
ALUMINUM EXTRUSIONS

2.O

to1.5

EFFECTr OF MATERIAL ON THE COSl'/OOT
OF AN EXTRUSION

'S./

10

OTom- 41 IA-4V P" 1341 4340..

m 1A- -CD-XTN-11
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FABRICATION COST OF CURVED PARTS
MADE FROM EXTRUSIONS

COMPARISON BASED ON A V LONG TEE EXTRUSION COMPARISON BASED ON A W LONG TEE EXTRUSION

ALumwUM TITAMUM

u 0

3 .3

2

STRAIGHT CURVED STRAIGHT CURVED

INECURRING E-3 RecuMING

NRTC AMORMZED OVER 20 PARTS HRTC AMORTIZED OVER M PARTS

CD-EXTN-111 CD-EXTN'IV

COMPARISON BASED ON A r LONG TEE EXTRUSION
7

STEEL

0

2--

.2

STRAIGHT CURVED

SNRTC AMORTIZED OVER 20 PARTS C-X

2-43



COST IMPACT OF TRIMMED EDGES
COMPARED TO AS EXTRUDED EDGES

COSTS INCLUDE MATERIAL, FADA)CTIO#4 LABOR &
NRTC BASED ON 7WE-TB ALUMINUM TEE

3" x 3" x 1/8" THICK$' LONG
FORMED TO AGO0" RADIUS.

EXTRUDED EDGES CD-.XNV
EDGES

MATERIAL COST-ALUMINUM
LONGITUDIN"LY

STIFIFEND
SOLI SHPESPANULS/ULASS

cmcumcmmu acma
C1RCUUSCRIUIN CIRCL.E DIAMETR UP TO lir DIAMETER lr-2V

Z 1 2- - -1- -

c InnI-Toll1

10 -

2 2-

06 Is 101 u u 336 40 19 s1 as

FACTOR a ERNAETENuic~u FACTOR PERM t-loomWs
WRIGHT-10OUN0110FOOT WEIGH40OUNDWiFOOT

NOCLUOE TEST, INSPIECTION AND EVALUATION (TI&E)CDETVI
COST FOR THIE AS-EXTRUDED MATE 4IAL. C-XýV17
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CONCEPTUAL DESIGAN (CD)

FORMAT SELECTION AID FOR
*TECHNOLOGY COST GUIDANCE]CrNG

SHEET METAL C

F----(MTALS)OSMTRA YE

FATNDASTNSEMBLIES Mteia

Hn Poess

FOF~~dNCos Elementsuanit

-- 7 2-45



COST IMPACT OF CASTING MATERIAL & FOUNDRY PROCESS

cm" Cod.. 4 TOM CQ

3@

3N 3ft 17-4p mH 3MM" ' 17-4 111
ohm*m OPNM cm$ PNWAmm 0jmm

l c•,i]
EFFICT OF BUY QUANTITY ON CASTING COST

ALL MATERIALS AND CASTING PROCESSES

1.40 -

1.20 - -- _

.1.10

0
0 .00 -

oSm

0700

1 5 10 25 so 100 so0 1060

BUY QUANTI• CD-.C-,I
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EFFECT OF "SPECIFICATION SELECTION" ON COST OF
356lA356 ALUMINUM SAND CASTINGS

I I I I I II INU QUAL

' In -m -- ---

ALUMINUM CA5STINGS

AINVEUTIENT CATIT
1 •~/,"No CAIT

0 100 INO 300 • 4M l M O G M 9000 IM_. "• 100
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CASI'NG TOLERANCES

17-4PH Investment Cast 174PH Investment Cast
2 2

Zl 1au

:0.01 ±0.02 ±0.03 0 -o.01 ±0.02 ±0.03

356/A356 Aluminum 356/A356 Aluminum
Investment Cast Investment Cast

2 1

01 -
"2 a

:0.01 ±0.02 :0.03 0:0.01 ±0.02 ±0.03
Linear Tolerance, Inches Wall Tolerance, Inches

() Impractical
( B) ased on a 7-Inch Linear Dimension ___________
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X-RAY GRADE REQUIREMENT

CASTING
MATERIAL & X-RAY GRADE COST

PROCESS EFFECT

356/AS36 DORC BASE

ALUMINUM D OR C WITH 10% B +15%

SAND CAST D OR C WITH 50% 8 +25%

S+50%

356/A356 DORC BASE

ALUMINUM D OR C WITH 10% B +10%

INVESTMENT D OR C WITH 50% B +20%

CAST B +50%

17.4PH CRES D OR C BASE

INVESTMENT D OR C WITH 10% B +20%

CAST D OR C WITH It% B +30%
4

a 460%

NOTE: X-Ray Grade A Is an Impractical Requirement for
General or Local Area of Casting.

CD-IDICE-C-I
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COST IMPACT OF CHANGE IN CAST THICKNESS

3
= 2.5 ---

17-4PH Cres
2 Investment

o__1.S_ Casting
1 1

3

ow. 356/A 356 Aluminum
2 Investment

*:' ___ /, Casting

1

8r-2
356/A 356 AluminumIA1.5 

______ Send Casting

0 -- 0.5 1.0 1.5 2.0
Baseline Cast Cast Thickness (inches) for
Thickness --- P1 "Up to 50%" of Casting

CD-DICE-C-50
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CAST SURFACE FINISH

Coasting Surface Cost Effort

356/A356 3N5/AS3S
cast Equivalent Aluminum Aluminum &

S174 Cres Invest-
Surface Machine Sand Casting mont Casting
Finish Finish - % of Surface % of Surface
Designation Micro Inches -

10% 50% 10% 50%

C-26 250 Base Bam Base Base

C-20 200 +10% +20%

C-1S 150 +10% 0
C-12 125 +10% 0 Be Base
C-, *0 0 0 0 0

0D impractical [ -DICE.C.V

IMPACT OF CORES AND DEGREE OF CORE SUPPORT ON COST
OF ALUMINUM SAND CASTINGS

Multiple. Cores

"I . ý8Sngle ýCore

NOCore$

Minimum -Well

Support Increasing Supported
support D-DI C E -C 7-V

2-51



EFFECT OF THROUGH & BUND HOLES ON THE COST OF
CASTINGS

356/A356 Aluminum
Sand Castings

3
Blind Holes

I Through Holes
| 1

•No Holes

0 ".. I

4 8 12
Hole Length/Diameter Ratio

QImpriactical

356/A356 Aluminum & 17-4 Cres
Investment Castings

3

C Blind Ioles

g Trug No Holes

cc• Holes

0 4 a 12
Hole Length/Diameter Ratio Cc-DiCE-c.vm
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CONCEPTUAL DESIGN (CD) FRIG

FORMAT SELECTION AID FOR SOOE
TECHNOLOGY COST GUIDANCE Mtra

SHEET METAL Cnetoa

EXTRUSIONS 
+C1

I ~CASTINGS 71Auim

FORGINGSCopeiy

MACHINING 
-CV

F ~(MfETALS) Qatt

IFASTENED ASSEMBLIES Siz

I COMPOSITES 3AD RLE
IRIN

SUPERPLASTIC FORMING (SPF) Mtra
AND SPF DIFFUSION BONDING C-I-

(SPFIDB)

INSPECTEONSANN1 EVAS11TO (TIhE) Fogn

TESTINSP CTIO AND 
I -T2-53.

_Complexity



IMPACT OF MATERIAL ON RECURRING COST OF TITANIUM AND
STEEL CONVENTIONAL FORGINGS

0m 430I' HS11 IA-

www PAT VOUE_-c L.t AA-lg,.. Wo I _L oTI ýý ___c- ____

1 mVA STEE so LI ~ ~ 046

?M l ALMIUM Nn' TOGA4 MTPrr•M ANTIT -M WA PATWLl

0

A EL VCUMO M-ELT

CT OF COCONVEIONNTIO AL V.LOCKER FORGINGS

PURSUE PARTI VOUM E - S.C LPNAE 160 M ~L LW N-I

MACUMINU M OP P OS TO SUPIPLIAE TN COTClU SE D V 11

WlU ON l25 COM mOMA. IOCRII

7--5,o---,,.-o .U LU•.-,.-o, 1c3.'
meaa~~v usa. - 54 3 ta



IMPACT OF SUPPUER TOOUNO COST
3

2

*ALUKINU- TITANIUM, STEEL, ALUMINUM- TITANIUM, STIEEL, DF.I
BLOCEPI CRES-ULOCKER CONVENTIONAL CR15-CONVENTIONAL

IMPACT OF COMPLEXITY ON RECURRIN

COST OF CONVENTIONAL FoRGINGS

ALUMINUM TITANIUM, STEEL A CRIES

2 2

I 000

o /U

2-5



IMPACT OF QUANTITY ON RECURRING COST OF
CONVENTIONAL FORGINGS

ALUMINUM TITANIUM, STEEL A CRE8

I _ _!

;ji

IO0 so m1 IN

su, a ,,ANTTY suo a- AiT"

CD-FC-V

IMPACT OF FORGING SIZE (PLAN AREA) ON THE SETUP
COSTIPARTI FOR CONVENTIONAL FORGINGS

24-----

S -TITANIUM.

STEEL
* & CRBS

4 / • •ALUMINUM

4-

1

PLAN AREA - 0Q. IN.

NOTE: DASED ON SUY QUANTITY OF 2z CD.FC'VII.
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HAND AND ROLLED RING FORGING
EFFECT OF MATERIAL ON COSTIPOUND OR COSTICUBIC INCH

BANDS ON UNIT WEIGHT EASED ON UINT VOLUME
26 20

12 12
o 0

. LI a

ALUMNWUM TITANIUM LOW ALLOT PH CRIS ALUMOINU TITANIUM LOW ALLOy PH CUB5
VST'. STEEL

ALUMINUM PRECISION FORGING
EFFECT OF FORGINGCOMPLEXITY ON RECURRING

AND NONRECURRING COSTS
RECURRING COST 4NONRECURRING COST

3 3

0, 0

N-2<2

00
A a C 0 A a C

FORGING CLASSIFICATION FORGIN .G CLASSIFICATION OFL
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ALUMINUM PRECISION FORGING
EFFECT OF ORDER QUANTITY ON RECURRING COST

2

"0

0-
201 UP 101-200 51-100 26-50 21

ooRER aOUANTITY CD.FPI

ALUMINUM PRECISION FORGINGS
EFFECT OF LOFT CONTOUR ON RECURRING AND NONRECURRING COST

RECURRING NONRECURRING
2 2

0 0

oL 0

. No C RO

0 • -- .-..-

NO CONTOUR NO CONTOUR
CONTOUR CONTOUR

CD--C5
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ALUMINUM PRECISION FORGINGS
EFFECT OF RIB HEIGHT ON RECURRING AND NONRECURRING COST

RECURRING COST NONRECURRING COST

2 2

-I- t I..-/

0

1.5 2 3 4 5 1.5 2 3 4 S
RIS HEIGHT, INCHES RIB HEIGHT. INCHES

NOTE: BASED ON A 100 SO. IN. CLASSIFICATION "D" FORGING CD-DICE-FP-Il

ALUMINUM PRECISION FORGING
EFFECT OF FORGED WEB THICKNESS ON

RECURRING COST

2

0

NOE BASE ONA103.I. FORIN .... E-P-1

I2-59

oi015 - + .,- -•

EB THICKNESS, ICE
NOT: BSE ON A 0 O N OGIGC-IEF-l
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CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE EXTENSIVE

MACHINING

SHEET METAL r-7mww
T ypOIHa.*inew

CD40wIII

EXTRWU W OaS
Utilization

H- CD-MIC-11XV
CASrTiNGS S.A

Ic-tlI J
J , , exoty"'Main* Opestuing I

Machining

CD-M/C-X01MV

SUPE(CASTINGS FORMINGN(S)F

.=.T.-- ISmall Part

TET NM-NA ND Copeit

EVL47O ITA CD-M/C-XVI
Stamping vs.1
Machining

CD-M/C-XVIIJ

LOCAL MACHINING
(CASTINGS & FORGNGS)

..CD-MOC-XlX1

2-To60anc I
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COMPARATIVE METAL REMOVAL RATES
ALUMINUM AND TiTANIUM ALLOYS

-sapheral End Miling)

I ~~Crnporlvo Maom fbmd Ran%. 1.06% (Ahmiamkm HI Tod6)
0.16 o"2 0.36 0.40 6.50 6.66 1.06 2."6

ALUMINUM ---

ALLOYS:

Wrought

- -v

TITANIUM
ALLOYSt

TO T6 C mm -r'doy Pwar
Am,.as" I13615 hal

6A1.4V Wromaod."
Go&a Aauwdm* 146.15 Siai

6m.4V Wrough

Mau4 dil Cwmomf MminW1Wg

Gma4v Cast Pvoeft I n~qb 40Nws, I
Seta Aaussah 145-166 11111M Mm~ i

AI.4V co £Add Depi of Cut lAS
MU AMw~as 145-166 kd NWObs of PtdW I Abolws

4 Isaommm
SAneIVMi wWroug *@. Ses 0111t iam~. "S5 Ted
Annwadi 145-161 hal (SO.4a 7.4 Mw JWJP&4

Tool Mom*u*i
AS-I~oa.V Cost OIVAb 0000Amt

Aewwdsab 145-IU hal IZZI sue. km 14s*

GAI4V-2$n Wrough- QCl. CS Cassair
NOS Annah" 145-146 hal

CD-MI=C-I
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COMPARATIVE METAL REMOVAL RATES
STEELS

(Perlphmul End MilingJ

I ~Coumpatal RMal Remod Rao.. 1.0 z fAlumium. 946 Teenl
#6 0t i .30 6.6 6.56 0.46 1.06 2.00

135-155 hal

Teed or Hwdsne 1wils 0wi

17-4 PH Wrought laie.dotwt

PSI 14 Mg ies-ts 154U a

PH21-24 Nol HI-1 kle ancsoms weeb

HP 9420 O*aaa anwft In cwaspos bub
HP~~ai l4o : iw M Dow~. Caras

n06.240 hal 4t i@l f l Aidu

4 Otani

226-240 halCI nAR

AF 1411 Marag.* 9. (dopeaa as masheibolml
235 hal 64"1 prinmem HW6

380M GAT:Ca. 
es calh"

260-300 hal 
o

CD-M/C-II
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EXAMPLES OF MATERIAL UTILIZATION FOR VARIOUS FORMS:
PLATE, BAR, ROD, AND FORGING$

(Excludes Drilling Holes, etc.)

Material Approximate Material Utilization Range, Percent
Form

Machined Auiu

Plate Titanium _____

Machined Ttnu
Bar & Rod

precision Alum~inum
Fog~fl5 Titanium

Forging Hi h S r n t S e l

Forging__ High Strength Steel

2- 63



METAL REMOVAL RATIO$ FOR TITANIUM BARS AND RODS
GENERALLY. APPUICABLE1 TO. ALUMINUM AND STEEL

Shells Traits. LawmW4s o and uaPtsWher Mal1r-- Grain
Flaw DOes Neo Juay Forge Part

m"ta heowval ogemleaw
MIn,& SeIng Swawlng DwWW4m Typicl Meoltined arts Mdef Frem Ear

Ear Slock So O & 46 oL 111O L 1O L
FlioishedPart Sea Sea. 11 OR. 4 eL

Hano 1141:1 &.2:1 11.61 2.1:

Average MWRmoal RtwdIOl withs Allowanc for Pwrarsnt so Seve sly Maddmlno-4.S1CDWll
CouftW~ ofLokhed Almnift 8)wbmo COmpmnp,

METAL REMOVAL RATIOS FOR TITANIUM PLATE GENIERALLY
APPLICABLE TO: ALUMINUM AND STEEL

PrWncpa Slnwactaa Appltsalo
Slcfndar W"m Sim""ur, LOW"g and
Trailn Rdge Inigraly-Swlet"a"e hn

MeW tal Rmoal Operatomm MU.,, meing, sawng

Possftil efAlternative Conligwedons

Typ~ca Cross Section1 Mctne Typica Cmos Stetio Mactiune
tra Fno Pha" ferom Molld Section

Meta Removal Halt - 12:1 Mww Removal Rail - 15:1

Average% Metal o PeovlRaio with Allowanee
tsr Scallop Mactn 0u1 and Trim - 14.W:

Courteosy oflLoddhee AlmmA Swtume CompanmCDP/C.
comormd. Doiatesr-mc-
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EFFECT OF FLANGEIATTACHMENT CONFIGURATION FOR

SPARS AND RIBS

"Relative Me.nIng Time

New

o IForm O0

Br 1 1.1 1.3 153
* Stock

Aluminum Extrusion 0.4 0.6 0. 0 .9

Close
Tolerance 0.5 0.6 0.1 .

Forging ________ ___

Stock li 1.

Tktaniumn Extrusion 4.0 U. 6.0 1.0

Tleas w- 4.0 5.5 6.0 9.0

Stc 7. 0 7.5 1.5 10.5

4340 Steel
(Nornallsied) Extruison 3.0 4.5 6.0 6.5

Close
To,,wance 3.0 4.5 .0 6.5,

______ Forging ______ _____ _____

RELATIVE T OTL COST OF PARTS MACHINED FROM FORmNs
AND BAR STOCK

BLOCER FORGING

6 ~Specific Cluantitiee Depend on:
S 0 Pant ConigurmtionL• ,• ~ * Not (As Fo~rged) Surfam•

S4[- •Machlned From Ear Stock

1C

42 -

0

2 3 465
Relative Oluantity
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EFFECT OF METAL REMOVED ON MACHINING TIME
DEEP POCKET VS SHALLOW (RIGID) POCKET

ALUMINUM

Time to Complete Pocket In Minutes
Dept2 4 6 1 10 12 14 16 1 20

i/r, 0.2
0.4

3" 1.2

TITANIUM

DphTimve to Completes P~ocket in minutes

a,8li 10 12 14 16 is 20

121 

12.2

HIGH STRENGTH STEELS r 4340 S"u (Normaizd)
liJAverage of Aeror*pe Wtoeee

Det Tim* to Complete Pocket In Minutes,
eth 4 6 1I 10 12 14 Is is 20

1 L1 1 -I t- L __2-_
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INFLUENCE OF: PART SIZE, PART COMPLEXITY, AND LOT SIZE
ON MACHINE TOOL SELECTION AND OPERATING COST

IS M I LI__ __ __

Small Medium Large Machine Tool Size1 3 1 ! ,
Part Size Complexity Lot Siaze Number of Ax

S: 1-10
simple Pi 10-30

L: 30-40

Averple h: 10-30
Small L: 30-w

M u1-10

Complex M: 10-30
L. 30.-0-e /J

$: 1-10

Exotic M: 10-30

Le 3 -30
S: 1-10

simple M: 10-30
L---. . 30 --- w
S: 1-10

Average M: 10-30
Medium L. 30-e

R: 1-10
Complex M: 10-30

L. 30.--o.

CD:M1C10

L: 670 .....simple M: 10-30

L: 30"-e-"
8: 1-10

Average M: 10-30

$: 1-10
Complex M: 10-30

L. 30 -- w
3: 1-10

Exotic M: 10-30

L. 30 --- w

Relative, Operating Cost:123
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RELATIVE TIME TO MACHINE RELATIVE TIME TO MACHINE
FOR TURNING FOR END.MILLING

100- 100

1 170

160 16so0

40 - 40 -

2 /0 - 20 -

0 - Aluminum St" Titanium 0 un Stei Titanium
(4340 iAI.4V (4340 IAi4V

Normalized) Annealed Normalized) Annealed

* ~ ~ ~ ~ __________Voiufwf utn ae xlsv D M ýX*aumetrtc Cutting Rate; Exclusive I_______________
volu,,e.ric Cutting Rate: "zciil.v. CD-M/C-X* tuanHaigCD /XI

of Setup and Handling of Setup and Handling

RELATIVE TIME TO MACHINE RELATIVE TIME TO MACHINE
FOR DRILLINO FOR REAMING

i0- 100-

6o so-

260 - 20'

Aluminum steel Titanium Aluminum Steel Titanium
(4340 6Ai-4V (0340 GAI-4V

Normalized) Annealed Normallzed) Annealed

'Voiumnelric: Cutting afte; Exclusive *Volumestric Cutting Rate: Kxclusive
of Setup and Handling CD-M/C-Xi oft Setup and aNdling CD-MIC-XlIl
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RELATIVE TIME TO MACHINE FOR TAPPING

100-

to
bSol

.//3

I00

140

20 "//
20

Aluminum SWee Titanium
i4340 CMI/XIV

Normalized) Annealed

"*volumetri Cuttin Rate; Exclusive CD'MIXl
of Setup and Handi'ng

EFFECT OF CUTTER DIAMETER ON MACHINABIUTY FACTOR

12
and MHil

11 - smetr

10-

.1/4"
7 L 1/2",0 /

U V

4Constant 2"

.1 4 Radial Depth
3 ofCu (DI4)

1 -
I I

0 1 2 43 4 S. 6

Maximum Maximum LID
Ratio for Ratio for
51n and Aluminum CD-M/C.XV
Titanium
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RELATIVE COST OF INCREASING PART COMPLEXITY

3O

25-

20 -

110

namasing COnipe1ity

Aluminum CM Titanium Me High Strengh SUM*

'After Heat-Treatment (Prior to Heat. D-
Treatment Will be Less Than Titanium) C -/-V

RELATIVE COST OF STAMPING VS. MACHINING FOR A
SPECIFIC TYPE OF SHEET METAL PART

4

0

IHigh Prodductio" Stamaping 0Q 0

Machine-Cut Parts

Short Ruming -- h

SP0 II TYP OF HE M ITA-PAR

0 100 Q 1000 10,0I0 0000 C-m/C.xII
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MACHINING OF CASTINGS AND FORGINGS
SURFACE FINISH

* 3

* -

00

356/A 356 17.4PH

Aluminum Cres and
Surface finish shown Titanium [CD-M/C-XVIlI
In micro-inches.

MACHINING OF CASTINGS AND FORGINGS
DIMENSIONAL TOLERANCES

3 I - - - -

2 - - --- --- --- ------.--_ •____

To0.lola.c5 c.010

Total Toleranc2 , -hes1 CD.M/c.x-x
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CONCEPTUAL DESIGN (CD)

FORMAT SELECTION AID FOR ; 7
TECHNOLOGY COST GUIDANCE

SHEET METAL77 LMNi

EXTRUSONS

CASTINGS r

FORGINGS C.F-II 1 11 V

MACHINNG = o

I MECHANICALLY-
FASTENED ASSEMBLIESAeoyai

I COMPOSITES]ISUPERPLASTIC FORMING (SPF) TTNU
AND SPF DIFFUSION BONDING

TEST, INSPECTION ANDI EVALUL4TION (TME) Pr

Intala72 eto



COST DISTRIBUTION FOR ALUMINUM FUSELAGE STRUCTURE
OF MEDIUM TO LARGE COMMERCIALIMIUITARY TRANSPORT

F
6.5%

A
M

2% 3

CostFoo andstae Shownorts

5% 3%

F SkinRibsnans Bulkheads M A

"* M a Material 15

" F a Fab rication Labor '3
"* A a Assembly Labor

Cost ft centages Shown areA
Those for the Total Wing lao e Assembly.12 CD-MF-II

2-3%



COST BREAK~DOWN FOR A TYPICAL ALUMINUM SPAR

By Cost Ebment myCo oet
Hdu on: MaterWs and La"~

CD.MFA-III

ACCESSIBILITY FACTORS FOR MANUAL ASSEMBLY OF
ALUMINUM AND TITANIUM STRUCTURES

BENCH SUBASSEMBLY
Factor. 1.0 1.5 2.5
"* No Asembly lbeng "equili p iml Assembl~y PINIm Required *Com~p~s Assembly Fixture A equai d

Subassepwily 1 0 .Ow Requhes Litng anM Relatrio of Fix."* Pilot Holes In AN Deta utft.O@a w 10gi Provide Aese~sNObii to
Assemble

"* Petlermed by One Operwmio Abov um g Ping..b~ Dexterity Requires UaElNmn Fngerl~ Deidrty

Dexlevthy Required 6 Sladid Rivetin Tools Used V ied Rivet Sues and Spacing
a L* WW Some Lay-Out of Mole Pattern

"* Stanwer Toole Used Rq~e
*MyRequire Somew Lay-Out of Hole *Close TOWrNe Holes

"* Simple Subassemily Spacing * p)p wed~ll N th~ Required

"* Only Ligh Ploodede Mend lbelin Vatd Rivet Spacing So8mW Shinvflin ~Asle-d
*multpl Rivet Diamete. end *eur - s oomd Operlow
Lengths Required Skle Sp~ Operaor Requio d

"* Conslaten RiOe Pietiesm Rette Mayes Pequir Mendling Deice

"* AN Riveft of SameDiameerNesar

"* No Closme blelence Moles

%01 woe*min Require

*No Tool hielerkenee

The abin e ac cesublly factors at e nol applica ble to autom atc fasts enq.CDng-I



ACCESSIBILITY FACTORS FOR MANUAL ASSEMSLY OF
ALUMINUM AND TITANIUM STRUCTURES (Continued)

MAJOR ASSEMBLY
Factor. 1.5 3.0 4.0
"* Simple AeeeMIN Flubws Required 0 RequireS Rlotwr V " Fixtur to Pro- e Need ft Comple Aeem@ boly ng

wid Accesseblirty * I.Aw3 lit Os of Pett oa
* ANl Pertsa m Jig Located Mos Partwe Jig Located * Require Partial Diseseeeeb of

Hneo RXMat Components to
"* Avserp FinWe Dexterlty Requird s limpelied Comnunilcatlon Setween nlmbe Fixture

* Worimel e Powr Comenunhalion Setween
" Some "" potwe lbllng Above Awereg Finger Dexterft yrb

neuwRequked * Requwites bpdhnt Finge Do"ert

"* Few CIO owwe "beec oles * "eso" Port Tboling Requir"n * Special Paveung elbs Paerede
Hois 0 Fuel Seln Requir119*ements

"* Fla or Slightl Contourd Silsices e Liie :u~w of -wt toFcae *toe-Upil & Required

Asso emb4ly n er Fuel Seein In Conflned Armes afla Slo Ileatnent Is Rquire
sSiwep Contoers IN Wteris MlarwPom

"* Good Vk~o Poseftion Uslen of Standard lbole I palrad * hl9IFta hIepection Required0

"* No lbe"Ing terlrenwe c dtol %%mrft~r PstinS * O A 1W SID

kpomAo" f*"t*KnCohnRequire d

*May Require Work Above Floor Level

*May Require Operator Workng on
Step-Standl

*T~w em accessiblity factor are not appleicab to automatic fete~nig.

CD-MFA-V
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ACCESSIBILITY FACTORS FOR MANUAL ASSEMBLY OF
ALUMINUM AND TITANIUM STRUCTURES (ContInued)

FINAL ASSEMBLY
Factor. 2.5 4.5 6.0
" Me Refmolo J4 COu*mnsnes 0 Suan mss i opimne HoNuamevou M gnJ Cowomnfnu to be

0Amm A., -9Fne "ml Leased and RhmavdW to niS
"*&W Fiingnger -3Im 11- 1Apell

U Sse of $ng.ipei.tl ftqWlu to
" 110 Hyull P111nge m Mechanical 9 uimleed law ft o @611di.ulie Vobin PtoiUO Susomeinemnb

Only khuslidine bwmp~oes beingd of Imng Rsqed
"* Noltb Whe "milkeffi-A * Lhnle Nualbe, of Wke * buinaksi of Wiring Reqadued

varniwoon Poow Cowmanissaln Metwmse
"* Good Cenurnmlooklon Estushee * hwpnl.k" Conmusnication Sotwsn" w rk" wgmvio i,

"* Sm ndo Msn.Hw Good Asbenud 0 S~an Clow Tamors.U Hole *#60ha p.Pbsom~ Polini equabe
InLews Than 80 Aessones so in4ocm peci Some Hlmndaml we a Assembly

"* 4*o Faed Smailln Rsqbsmuts
"* Few Too-lbece Poalensin euln Requvs od" Loading Sequnoo

* Uunltd Hand hlnuingeat Asemb W1. 10 ~ Provide
"* No liond.U mmkg at AemmAll e MW P MdWb* Ab.ee Plow iwa jmih

"* WokatFow _j or Ovehead Camped Ame- * H" k~k S Vb boudens Requited
Reqauirs Srai Opuses, 0 ContkAWhVumi O I.woe bwpsto

"* Cc iihule Working Positim n v I~o-is table Worker Position Requitd d
0 Abumbiss Slelf Requited

"* MW Re*wk Woiblog In Derk Arwas 0 Slaging Required 0 VhAN" In S"i Conne A Lees with
with Orsp&Jgf e Whitftn in Prome Position Requited Loft of Good Wrollosmn

*The 'abus aamealib"lt factors we not applcaWi to automAfti leteNvng

2-76



MECHANICALLY FASTENED ASSEMBUES

EFFECT OF PART COUNT AND FASTENING METHOD

3--

0 10 20 30 40 so soQ - - a - --- a a a a,
Number of Pat (Excludes 16t rs) C D-M..I

COST IMPACT OF INSTALLATION METHOD
FOR ALUMINUM AND TITANIUM MECHANICALLY

FASTENED ASSEMBUIES

100% 80% 100% N 100% Moou
Awkwmwfc Aulomeft IUBMWtdkto
isislation IMANsallon of FAet (Clerans. Fi)

I Of Rivets of Abies of HI*OK
4 - Faste_ _--

11 1

0

2-2

T1 Al Al

AlTi All
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a - --

3

Al. Al. MUrS" OWS N5ow La

IMPACT OF NUT TYP ON INSLE cOST
MANUAL INSIL O

71

5

2

450OF SOOPO 450OF SCOO 1,2000f4OP SO

Plan He.. Self-Lcking Hex. Nut SSI.-Loclng 851 -acking
Nut Calesb~~d Nut Plate

Nut

2-78



IMPACT OF INSTALLATION METHOD ON TOTAL
INSTALLED COST.OF ALUMINUM SOLID RIVETS

(MS 20426 & MS 20470)

3

WAR INTALE FATNE OSO

An ALMNM7-EBL SN

T 
- W-A

A777

84

A 30 *A Is *A, .12 0 l-"RMFiokTplkU•fo

As - 0* As-8" 6 As a m l -6 Ds.4 * h - W a e-u

Con oF TYPICAL METALuC sMATERLSne A anPE oN THE
SPARS INSTALLED FASTENER COST FOR

27 ALUMINUM ASEMBLY USING/_________GENCOR METrHOD

j3.1

a- --

* L ., O * L - 35 * L -.20 * L -10 ' I l~ 2 r lT U nA.A -30" * A,.. 1U * A, ,12" * A,.O" Riwi Ifliob Th~peutok Thphoto• At -10 • An - * A, - ."A,.-4" *Wghr•u Waahe-Nuw

Spaw Oimon~ona
"*Saadc on aluminum alloys stlllaend by angleal siffeners

SCD-MFA-XI'I CD.MFA.XIII
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IMPACT OF FASTENER IMPACT OF INSTALLATION
MATERIAL AND TYPE ON THE METHOD ON INSTALLED

INSTALLED FASTENER COST FOR FASTENER COST IN
ALUMINUM ASSEMBLY USING ALUMINUM ASSEMBLY

SPACEMATIC TEMPLATES SPACEMATIC VS. GEMOOR

6

21

00
Al. St"e Titanilum A286 Steel St" A246 A286

Rhoot Hilck Rlvboft Thpeilak lHllok Nilok T"Noilck Tuporlck
wntwe-Nut Clmcor Specematic Wheher-Mut Wfhehalu

Gomert Specomietc

ICD-MFA-XIV _CD-MFA-XV___

COMPARISON OF INSTALLED
FASTENER COST IN TITANIUM ASSEMBLY

GEMCOR METHOD SPACEMATIC METHOD
TAPERLOK VS. HILOK TAPERLOK VS. HILOK

3 3 --- - __

I A

T~a~mA2116 Tltaniumn A28S A286 Tilatauni Tit"imm
Hilik Toperlok Tapeilok 1,11ak Tapeltok Thperook Taperlok

WaserNu W her-Nut Seal-Nut Washer-Nut Seal-Nut

CD-M FA-XVI CD-MFA.XvIIl
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IMPACT OF INSTALLATION METHOD ON INSTALLED FASTENER COST
IN TITANIUM ASSEMBLY

SPACEMATIC VS. GEMCOR

4

2
,

0 L
Titanimm Thanhim Titanium Titanium

UP" Thparlok Mbpelo& Toplo
sWasher-Nut s..u, s..e-t CD-MFA-XVIII

Gemcor Specematlk Gemcor SpaO.AMtIC

RELATIVE COST OF INSTALLING RELATIVE COST OF INSTALLING
AERODYNAMICALLY CRITICAL AERODYNAMICALLY CRITICAL

ALUMINUM FA3TENORS TITANIUM FASTENERS

0.0"O max
0000" & 5 I

S'/,_"._-- - r '"

F / " Rive PV//• Head

01 1

/ . . 1..,,,,2._/ . ,

Flush Rivet/ FeaH

"ZonsV1 ...oonee2... Zoe 3
FlushhRRwt/ PlushshiRet PPotnndlng Head

ShaSdd Head

LCD-MFA-XIX CD-MFA-XX
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EFFECT OF SEAUNG ON
EFFECT OF SEAUNG ON FASTENER INSTALLATIN COST

FASTENER INSTALLATION COST A-UMINUM AND TITANIUM
TITANIUM ASSEMBLIES ASSEMBLIES

[ I • instaIIP d Wet Rivet I wet

SoL Sealant:Als

____- i _DMF.__Vi__C-_AXX

_ _ _ _ __I I I ,

M10 en.

MMon.

3 33

j m om 2.dM

A -to Auto /

10 ///IA T t'T

___//__ ___ __/ /// ///_ /__

Fn -- CDmFAo-Xxi I CD-MFA-XXV

MATERIAL AND FASTENER TYPE

13

pearationu tandu A luteneusmtn

*lnetallatlon Includes the com f erats 1001 Rcurhg os

Nonrecurring Cost CD-MFA-XXVI
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COST IMPACT OF SEALING FOR ALUMINUM ASSEMBLIES

3 lnstalled Wet and

ccU Intle r,

0

0 20 40 60 80 100

Percentage of Automatic Installation

PVVFa In" Og AEALING ON

TITANIUM ASSEMBLIES ALUMINUM ASSEMBLIES

4 - .--- r---- -- S

F ing -urac - -,"
2-i- 

__ 1 
_ i

.....-..... .. -

0 040 60 6I010 0 '----

Perentag, of Automatic Installation
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CONCEPTUAIL DESIGIN (CD)

IFO-RMAT SELECTIO,-N AID FORn 11xC

I TECHNOOGYMATSTRUIAANC

F -SHEETMTLM STRUCTURAL

--- T-I LEBERS& TOOLING

ISON Latno Material Form

EXTRSIOS I QyuR-IA CD-C/E-I

Flat Panel Manual vs.
CASTINGS Curing NC-Layup

F -CD-CR-h1A] CD-OlE-lI

Single Curvature Tape Width

CD-CR-lIlA] CHCE-

MCIIGChannel Sectio o a
I (METALS)l (Straight) ' ~

I- CDIRI Straight Member
CD-CD-CVA ri

~'~N~cLL"Hat H Curvew! Marmhar
FASTENED ASSEMBLIES II (Straight) j UOC/E-Vill

ICE'.CR-VA I IIm*,Pa
COMPOSITES bine-vvave I Width:

_ ~Spar/RibLJ
-- -CD-CRNIlA i"Section

IAND SPF DIFFUSION BONDING IMachining ""Section

"Hl"Section
TEST, INSPECTION AND 1CD-C/EV

EVALUATION (TIlE) Radius of
Curvature

(Lineal Shapes)
CD-OlE-lX

Web Type for
"I" Beam

jSine-wave Webs
CD-C/E-XI

Tooling Cost
Li CD-C/E-XII

2-84



THERMOPLASTIC VS. THERMOSETTING MATRIX

COMPLETE MANUFACTURING
PROCESS FOR

LAYUP OPERATION* OF FLAT PANELS COMPOSITE FLAT PANELS
2 ,,2 •.

TIM,00M. Thm t T mopijMt Twnnoest
*Cmpafluon NOtu k, *aup"op ono ny• . Ammp II D•q'A. .ow-+, o•,'OD-CR- WCA11

COMPOSITE SINGLE CURVATURE I
%F.am TOw-L..--."AGE COMPOSITE STRAIGHT

F USE LAO E PA N E) CHANNEL SEC-TiON
2 2,

Thormoplatlc Therm .set Thwmopieti Thermot

2-85CD-CR-I
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THERMOPLASTIC VS. THERMOSETTING MATRIX

COMPOSITE STRAIGHT COMPOSITE SINE-WAVE SPAR OR
HAT SECTION RIB WITH TWO FLANGES

I2/__ _ _ ___2

ThermoplUstlc Thermoset ThemlqgMý Thwrmt

CD-CR-:VA] CD-CVA

INFLUrNIF OF MATERIAL FORM

EDGE MACHINING OF ON LAYUP COST
CiOMPOStITE PAIMEL TH!RUMOSA.''ruNQ MuA'rIV

201.5

48" 12' 3-
0 To" TpW Tape

Thermoplastlc Thermoset Laminate Size: x x 144"

CD=RVLA CD-C/E-i-

f--86



THERMOSETTING MATRIX

COMPARISON OF MANUAL VS.
NC-LAYUP; COMPOSITE SINGLE INFLUENCE OF TAPE WIDTH ON

CURVATURE PANEL RECURRING COST OF LINEAL SHAPES

III I I{IIIII

22

0 cDevelooed Part Width, In.

LayUI L•up Notes:
s Part Length 4" i 48l"_/I
* No Strip Plies I

CD-C/E-H

INFLUENCE OF CROSLS.ECTION OF COMPOIS!TE fTKRAlOUT
I 1"AII If i EDAL MAEa I -w0inwu -n%

w, w _w .• u UUU•__ ~ ~ ~ q2

-r f •- r T _i -.1'II T -

I -
2-8
2-87



THERMOSETTING MATRIX

UNEAL HAT SECTION; RECURRING COST

r.Numb of Plie
Lntuonced by Oremitation

Dewsloped Width

3 1

5012S125

II
1 -

0 1 2 3 4 5 6 7 3 3 10 11 12 13 14 1l
Developed Pert Width, In.

Oietato n Cde: 0o±45o90I CD-C/E-V

UNEAL "I" SECTION; RECURRING COST

re, Ntj,,*•w ot pueg

Influened by M sOntion
Dteeeoeedped Width

P!y O3ien2ation Code:0' 450100 C-

2-8
10 1 2 3 4 5 6 e a e 10 11 12 13 14 1s

OvkgdPart Width, In.

• myo•.• c.:oo:,,.,,o !CD.C/E.V,17
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THERMOSETTING MATRIX

LINEAL "J" SECTION; RECURRING COST

-Numiber of Pl1

Influenced by 1 Piy o,1mtotion

-o~oe Wldth

D rwftn50/5010-

21 1 2-

0 1 2 3 4 5 7 a 9 1 11 12 13 14 15

ams-lolp F- PI• Wktth, In.

P*y Oentafto Code: 0"1 14501900 P CD-C/E-VIi

INFLUENCE OF CROSS-SECTION OF COMPOSITE CURVED
UNEAL STRUCTURAL MEMBERS1 RECURRING COST

L C I"X'*.T I
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THERMOSETTING MATRIX

INFLUENCE OF RADIUS OF CURVATURE OF LINEAL SHAPES;
RECURRING COST

AMomhs by Langih of FWng #Aftd Gem* PU..
/'.(Uplos "• ,O Me'

2.- --

,-oo- -enr o. o-f

0 1 2 3 4 5 6 7 SI 5 10 11 12 13 14 15

I !DC~i

INFLUENCE OF WEB TYPES IN "I" SEAMS; RECURRING COST

II
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THERMOSETTING MATRIX

INFLUENCE OF SECTION OF COMPOSITE MEMBERS WITH
SINE-WAVE WEBS, RECURRING COST

2

r C _ _T

CD-C/E XI

r NUMBER OF BENDS - ON T'OO sCO
INFLUENCE OF * SHAPE OF COMPOSITE

~~F1 U *JUk j"%..

L_ I Mae F e ml j &2 a4 a 2M &
-- Se.n.. I a l S i I 2 FI

2--

I IMa I I Ieal 1 1eae M Ie 1Pml I' .aIe I Ia

Send Send I Male Bend Sends Bends 2 Female 2 Female

Sends sends
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CONCEPTUAL DESIGN (CD)

IFORMAT SELECTION AID FOR
TECHNOLOGY COST GUIDANCE rIFUNC F

CASING CD-SPF.Vc-s~XXi

FTRSIONGS Win/Ri Dresidon Apc ai

F EHNI4L CD-SPF-IIII CD-SPFwXXVI

CASTNGS D-SP-VNI I CD-SPF-X)'I Ij

_ ___Floor/Keel__ Ba"D$ igln Dr af t Agerialt

I CD-SPF-Xll CDSIeXI

SUEPATCFORMING ()Mtral(rp)To F~mIeabrication
ANDD-P-VI SPjIFSO ODN CD.SPF-XXXV

wsPF/DPA Iniatial Gagss ae Radius-x

TES1 IPAION AN CD.SPF*XIV.

(Diaphag aiDragm ) I CD 5PFFXXXIfl I

CDSP-VV I Desin Malternatie

I MteialpDhragm ) an Ire
......... /CD-SPF-XVIlI IF c m In

Part Size (DiaphSIgm OIDN C-PF-XXXV

Initia Gage FuComSP~etXI

EVALW ION TME)ThicnessToleanceXXX III
2-92ram C-SF



STRUCTURAL WEIGHT COMPARISON FOR VARIOUS WING
PANEL CONFIGURATIONS

1.001 1

"-a ° F- N V

1.00

0 .00.93 0.89 I.8
VI

Baseline...

CD-SPFI

TOTAL MANUFACTURING COST COMPARISON FOR VARIOUS
WING PANEL CONFIGURATIONS (500-Airplane Program)

Refs 6

1.00 1.00-
. 0.75

7 0.50 0.51
0.50 7 -//

"0.26 0.28 0.26
S0.25

Baseline Baseline I SPF/DB Concepts t
(Welded) (Extruded)

Fabrication Cos. M•aterial cost [ CD-SPFII
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STRUCTURAL WEIGHT COMPARISON FOR VARIOUS WINGIRIB I
CONFIGURATIONS

" " V

W Web Integral

1.00 1.00 Bonded to Chords With Chords 0.98Si~o ,/ o06.58 0.88 o.8
Sn; ... . . . . . 0.71

Baseline ISPFO•B ConceptsI

TOTAL MANUFACTURING COST COMPARISON FOR VARIOUNS
WINGIRIB CONFIGURATIONS (500-Airplane Program)

Web DIffsion- Web Integral

S1.00 1 .00 Bonded to Chords with Chords

S~0.61
0.50 0.49 04 0.45, •4--- '0.44-- ..

r0.25 .0

PP
0

Baseline SPFIDS ConceptsI
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STRUCTURAL WEIGHT COMPARISON FOR VARIOUS
SRARIFRAME CONFIGURATIONS

S0.75

0,

Baseline Sine-Wave Beaded Stiffened

ICD-SPF-V

TOTAL MANUFACTURING COST COMPARISON FOR VARIOUS
SPAKIWKAME ICIN~iGUUATINON

(500-AIrplane.Program)

1.001.00 1Ref. 6

0.75 

06C) 0.63

I 0.50

*~0. 25

Baseline Sine-Wave Beaded Stiffened

EJFabrication Cost [=Material Cost C- FV
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COST SAVINGS WHEN DESIGNING A HELICOPTER (AH-64A)
FLOORIKEEL BEAM

20,000 1Rf6I2o~ooo kRef. 6

Covrentional Structure ,
;10,000

0,

SPFSP (wwihth Chem-miing)

E

100
U o I

1 1010 1100 1,000o
Number of Parts 1 cLv,

CD-SPF-VII I
DISTRIBUTION OF COST FOR TITANIUM DEFLECTOR

MANUFACTURED BY SPFI

200 Cumulative Unit Average Cost per Part

Inspection: 5.0%

Energy: 6.4%

Fabrication: 36.6%

Tooling: 33.0%

Material: 5.3%

Scrap: 3.7% Material Lose: 10.0%

CD-SPF-V2-9
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MAJOR CAUSES OF PART REJECTION

~1 I
---

3 P

E

2[-97

17 'IIIm

oL ~ Major Causes of Part RejectionJ

MATERIAL VERSUS FABRICATION COST FOR SPF PAwRTS

4- N

2

Materials Fabrication r CD SPR-X
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INFLUENCE OF MATERIAL COST FOR SPF
(DIAPHRAGM AND DRAPE)

Cumulative Average for 200 Units

6 _

5 ______

4

3

0 .02.00 3.00 4.00 5.00 6.00

El~iphrom M raePoll Slze, sq. ft.

~ Daphagm ~ Dape(Bill, 01 Mate:lais) CD-SPF.XI

RELATIIVE COST FOR MANUFACTURING AND MATERIAL FOR SPF

(DIAPHRAGM)

12

(ilof Maeias

(16 DAllars)
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RELATIVE COST FOR MANUFACTURING AND MATERIAL FOR SPF

3.0ii ~
SCumulative Average for 200 Unrt s

2.I
A I

01.00 2.00 3.00 4.00 5.00 6.00
Part Size, sq. ft.
(Bill of Materials)

(19471 Dollars) C.SFXI
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IMPACT OF SFF PART1 THICKNESS
IMPACT OF INITIAL OR STARTING DESIGN TOLERANCE

GAGE FOR SPF (DIAPHRAGM SPF)

\xKK
\N0 ±sw 30% ±15% t10%

COS COTLEMEMEIcrasdTtrln

. hIfiuenced -v Aspect mile

Rewshwpesr r'n CD-S PF-XIV CD-SPF-XVI

IMPACT OF SPF SHEET
THICKNESS DESIGN TO' MERANWCrw 'Na- U~nmCV2 OV' PART C`OUNT ON

(DRAPE SPF) SPF COST
Coenbiation ofOtiPa.

F - 4

±20% 015% ±10% ±5%

COST ELEWhNT1
valeeneee 414m then

require: hNtlm
-h pwuciieg ond

suletive Chem-n" 0ln

COST ELEMENTS:
-Each port m betv reued *At geeset a 30% becusnqn
by cobndng peria. -es c" " aIngo Pateliti wit"
coso of: design: I - lng: eaich psn comlinetwlon end
felese"; pleann !g: tool 70% savings on nion.
des~n tool. I Isissee: tool recurving lo" cost
plenning: loaf older:
checking: materiel plan:
purtheee onter or tool
Uuild: production plen:
crib records: Inspecloion CO3-SPF-XVII
inventory; etc.
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INFLUENCE OF PART AREA FOR SPF
(DIAPHRAGM AND DRAPE)

5.01
2! Cumulative Units tr 2- x 3' PV.,a . I

3.0, 2.00 3.0 i 4.00

ICD-SPF-X VII

IS

HA



;M OFC a; ;AV az; 0"g;; i-MP-AOT OF PART SUEi ONcIPFI
COST DIAPRAGMSPF)COST (DRAPE SPF)

44

00
1 o1 2 4s 6 61 10

PrcicaCS Container Slaize/an Sin Practical Container Sine/Pant Sine
COST ELEMENTS: COST ELEMENTS: * meu Nao" in "s". kangs
*"rf Densopn WWd -ei * Smallsr Aep Nduo * fe os.nn thoinin a" -" speeds"

oe woat nam, Inion UBgt utIStImin * epends an lows noing , Sam" pals sam" be
*" a:Inrease Sie so * Seeks pane coenllal Wp NOWn bite sa" tantlned fore omining

mat mil utilization taoo mestwng Wilth p!5W i d6055

*AlIae oppoflnt I Vn a %06%0 CDSPX
combINIng "Wias parte crnr.rr~ia
Into one

UUPACT OF ASPECT RATI-O ON SF Hmftumv Or unn AF ANGLEt ON wrF

CarT (DIAPHRAGM OR DRAPE) COST (DIAPHRAGM OR DRAPE)

2Rafto (AM) Deph ~ lpheags or Drae)

2N

0 20 toe So 00 <00

OpnDraft Angle CROM

* at- trumeoel tool lonot * epaKns -COST ELEMENTS: -as woe, .bed rawl
*a ow spane sqivoe * Thinnin oresulsan angb,; Pn-dSI*
Inceased pressure and become "mor severe of * w No wafe

*~ I tim osre deiits sanules AM fo 0s drea angles
*Seals AN cases bega * Dependent upon aets coun: diticuft Ontly possible wthlt costly

-"ftmal ra* angle - reoval: zW lt ootin or Wreahemy
* Wy seAN P" rmaya e euen be QmmtO sled tools
possible becnwe of mai sroeaadto
facIlmy Wimelltone C-SPX Instnne CD-SPF-XXI
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SPF DESIG3N FOR PART REMOVAL

(DRAFT ANGLE VERSUS DEPTH)

varno Ioo
ull,~

Depth (d) I.CD-SP:.XXll

IMPACT OF FEMALE RADIUS ON IMPACT OF MALE RADIUS ON
SPF COST SPF COST

masid. madks of dlaphmam form~ed
panl or dwlor siiti wM dispedMo

(DiapiunW or Drape)

2

0J
17793 2.51 2t IIt

COST 1111.9110M Coon gom las,. amlo due

--tseld minuui
4t 31 2.51 21 it .$"fe~. Swpdl qA.mr

*Laqo rodill alow -Itni h
COST ELEIMENTS: tos(Pwilluliv9 wIfh ftnm*I took)
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IMPACT OF SURFACE FINISH CALLOUT ON SPF COST
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IMPACT OF SPF TOOL MATERIALS
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APPROXIMATION OF TREND IN SCRAP RISK AND REPAIR
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TEST, INSPECTION AND EVALUATION (TI&E) OF COMPOSITES
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TEST, INSPECTION AND EVALUATION (TI&E) OF COMPOSITES
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2.6 SOFTWARE IMPLEMENTATION

2.6.1 Summary

This section describes the activities in developing computer-based
software for assisting designers of sheet metal, mechanically fastened,
assemblies. The methodology considered is for reducing assembly labor
costs by indicating labor-intensive panel designs. This methodology
already exists in hard copy, Reference 1. In the following, a brief
introduction to the methodology is given and -the current status of the
software is reported. The constituent software modules are not included
here.

2.6.2 Objective

The objective of this task is to examine the potential of a
computer-based design aid by constructing a working prototype.

The methodology chosen for implementation was reported in Reference
1 for the design of sheet metal assemblies, in particular, aerospace
panels. The goal of the method is to assist designers to rapidly reduce
the cost of their assemblies by minimizing the labor required. The
users of this method typically refer to a collection of graphs and charts
and also make simple hand calculations in order to compare the assembly
labor content of different stiffened panel designs.

It is possible that a satisfactory implementation of this designer's
aid will lay the groundwork for expert system applications to design-to-
cost studies.

2.6.3 Criteria for Development

The success of the software implementation is dependent upon several
criteria:

* Direct comparison with manual methods. The speed of execution
• a computer-based method should reduce the required designer's
labor per candidate solution examined. Designer labor is con-
sidered directly proportional to designer man-hours and does
not include: paper filing time, searching for initial data,
and rate of fatigue. Designer labor does include: retrieving
and selecting formats, reading formats, documentation of results,
graph interpolations, and calculations.
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e Additional benefits. Other criteria should be considered when
comparing the computer method to manual methods. These criteria
include:

(1) Reduced designer fatigue enhancing innovation

(2) Increased uoiiformity of documentation

(3) On-line help

(4) Reduced risk of calculation errors

(5) More consistent agreement of results during independent
tests.

2.6.4 Description of Methodology

A detailed description of the design of sheet metal assemblies
methodology is provided in Reference 1. Nevertheless, a brief description
of the methodology is also required here before continuing.

a). Origin

The design of sheet metal assemblies methodology was developed
in Reference 1. It was desired to reduce labor costs during the assembly
of stiffened sheet metal panels. It was concluded that significant
cost reductions could be indirectly made by aerospace designers provided
with appropriate information which was determined to be:

e Cost Driver Effect formats - graphs showing the effect of a
designer's choice of stiffened panel design and installation
methods on the man-hours of assembly labor. The labor data
was provided in normalized form.

e Cost Estimating Data formats - graphs showing the estimated
labor resulting from a choice of stiffened panel design and
installation method. Cost estimating data provides a rapid
estimation of the total labor content of each panel.

b). Initial Requirements

In order to use this design methodology, the following design/manu-
facturing factors must be available for each candidate design at the
beginning of the assembly design evaluation session:

(1) Learning curve
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(2) Primary material: aluminum or titanium

(3) Perimeter of panel

(4) Number of parts, excluding fasteners

(5) Number of fasteners

(6) Installation requirements (sealing details):

(a) dry
(b) primer or sealant on fastener
(c) primer or sealant on fastener and faying surface

(7) Hilok fasteners: used or not used

(8) Production volume

(9) Installation method - manual, automatic, rr combination of
these.

c). Phase I: Cost Driver Examination

Using the preceding 9 design/production factors, the designer of
an assembly is first expected to examine the current values of the cost
drivers associated with the candidate design. The choice of particular
formats depends upon the primary material. The cost driver formats
to be examined are:

For aluminum panels: DcoEI, DCDE2 DCDE.3, DcoE4, DcoDDCOE

For titanium panels: DcoE, CDcE2, 0 CE5, CDE6, DCDE7, DCEOE

The designer is expected to study the current value of cost drivers
pertaining to the candidate design and to consider alternative designs
that reduce the current cost driver value. Thus, a major assumption
i) implied:

Assumption 1: It is necessary that a designer studies the current
cost drivers pertaining to the candidate concept within the context
of a cost driver format.

This assumption is important in that it implies that a computerized
system should also provide the equivalent of a cost driver format.
Thus, a computerized system must either draw graphics on the screen
or an effective equivalent of a cost driver format must be proposed.
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An additional note for future activities concerns expert system
applications of this method. For an expert system to be implemented
using cost driver values, a large set of logical rules must be developed
of the form:

if [ COST DRIVER COMBINATION #1 ] exists, then propose [ IMPROVEMENT
7T ] to the designer.

if [ COST DRIVER COMBINATION #2 J exists, then propose [ IMPROVEMENT

W] to the designer.

d). Phase II. Cost Estimation

Using manual methods, cost drivers are looked up and estimated
by a designer visually by looking at a cost driver format. Using computer
methods, it is more efficient for the computer to make cost driver esti-
mates using mathematical formulae; hence, estimating formulae were derived
from the graphical data.

It may appear that excessive attention to logical and arithmetic
formulation of the methodology is made in this report, since many of
the concepts may be easy to understand verbally and by example. The
reader is reminded that the current software implementation can draw
its data only from arithmetic and logical explanations; hence, the logic-
mathematical rules in this report are essential for proper software
operation. Simple expert system implementations will also require these
rules.

After the cost drivers are examined, a cost estimate can be rapidly
made of the man-hours required to assemble the panel. CED formats exist
for this purpose. Cost estimation is performed differently depending
upon the panel material. First, cost estimation for aluminum assemblies
will be examined. Then, cost estimation for titanium assemblies will
be described.

The cost estimate considers both recurring and nonrecurring costs.
Recurring costs are man-hour labor requirements that include all hands-on
factory labor. Recurring costs do include: initial preparation for
jig loading, drilling, fastener installation, and storage for the next
assembly phase. Recurring costs do not include: tool maintenance,
planning, and quality control. For an aluminum panel, the recurring
cost CA is given by

CA - LCCEDI (1)

where L is the learning curve factor. L reflects the skill of the
assembly laborers in learning to perform the panel assembly efficiently
and depends upon both the quantity of units to be assembled and the
skill level of the assembly operator.
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Nonrecurring costs are man-hour labor requirements for tool fabri-
cation. Nonrecurring costs do not include tool design and tool planning
costs. Typically, tools need to be replaced after a certain number
of units are assembled; thus, nonrecurring costs are incurred every
P units, where P is the tool life in units assembled. An aluminum panel's
nonrecurring cost CA is given by

CVA miflt (ý!) +i]CCEO (2)

Where N is the number of units to be produced, P is the tooling life
in units assembled per tooling, and the function into takes the integer
part of the ratio N/P. Typically, P is set to 200 units assembled per
tooling.

Figure 2.6-1 is an illustration of nonrecurring cost of an aluminum
assembly when CCED3 is 400 man-hours and P is 200 units/tooling.

Thus, for an aluminum panel, the total man-hour content, CT, is

CT - CA + C4A (3)

or

CT -LCcEDI + int +~ 1 C]qEP (4)

Similarly, for a titanium panel, the recurring cost, CT , is given by

CT - LCCE0 2  (5)

The nonrecurring cost, CT , for a titanium panel is given by

Thus, for a titanium panel, the total man-hour content, CT, is

CT - CrT + CIT (7)

or

CT -LCcED2 + int (ý!) + ]9 (8)

2.6.5 Selection of Software Tools

Several types of software programming tools were considered. DBASE
III+ was finally decided upon due to limited costs available for this
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NONRECURRING TOOLING COST/UNIT
TOOLS CHANGED EVERY 200 UNITS, P-200

20

17
16

�14-

Z 13-.

S12-
•" 11-

10-2
9-

6

5-

4-

2-

20 100 200 300 400 500 600 700 800 900 1000

UNITS PRODUCED. N (Cced3-400 man-brs]

FIGURE 2.6-1 NONRECURRING TOOLING COSTS

EX: UNIT COSTS VS PRODUCTION QTY.
50 -...... _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.j\\
40 .- ,\. ",

&. 30.

20
z \\

in

0-
10 20 50 100 150 200 201 250

UNITS PRODUCED. N
RECURRING NONRECURRING

FIGURE 2.6-2 UNIT COSTS VERSUS PRODUCTION QUANTITY

2-121



task. The three major alternatives considered were C programming
language, Prolog, and DBASE III+. The relative advantages and
disadvantages are as follows:

C Programming Language - This programming language provides the
most efficient code and no restrictions on distribution of finished
software products. C also easily permits interactive graphics
and scientific calculations. Nevertheless, development of a C
database software implies that many basic database functions need
to be prepared.

Prolog - This is a logic programming )anguage directly allowing
the future development of an expert system. Unfortunately, inter-
facing of prolog to a graphics interface is complex and resulting
databases are not easily transported into conventional software
packages.

DBASE III+ - This is the general purpose standard for constructing
microcomputer business databases. All lower level database functions
are supplied in the form of an interpreted language. Compiled
and run time versions of DBASE III+ are readily available. Accessory
software for DBASE III+ is available. The weaknesses uf DBASE
III+ is that it is not easily interfaced to graphics interfaces,
does not support variable arrays, and does not support floating
numbers with exponents. These weaknesses limit the ease with which
DBASE III+ can perform scientific calculations and graphs.

Calculation of DCDEI

If the material is aluminum and the installation method is manual, then

Y, = 1.75 + 0.25 (9)

where 1.75 is the recurring labor and 0.25 is the nonrecurring labor.

If the material is titanium and the installation method is manual, then

Y2 =3.2+0.25 (10)

where 3.2 is the recurring labor and 0.25 is the nonrecurring labor.

If the material is aluminum and the installation method is automatic,
then

Y3 = 1.0 + 0.25 (11)

where 1.0 is the recurring labor and 0.25 is the nonrecurring labor.
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If the material is titanium and the installation method is auiomatic,

then

Y4 = 1.2+0.25 (12)

The value of DCDE1 for an aluminum material is then
DcE=AY+(IO-A) yl (13)

D rDE1 = _A• 3 + 100 - )y
100 100 (3

where A is the percent automation used for the assembly.

Similarly, the value of DCDE1 for titanium material is

DEI A- Y4+ (100 -A) Y2  
(14)

100 100

Calculation of DC0E2

If the installation method is manual,

Y1 = 0.020 Np + 1.90 (15)

If the installation method is automatic

Y2 = 0.020 Np + 1.19 (16)

The value of DCoE2 for mixed automation is

CDE2 y +(1-A) Y2  
(17)

100 100

Calculation of DCoE3

If installation required is dry and the installation method is manual,

then

Y, = 1.7 (18)

If installation required is dry and the installation method is automatic,
then

Y2-1.0 (19)

If installation required is wet and fay and the installation method
is manual, then

Y3 = 2.6 (20)
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If installation required is wet and fay and the installation method

is automatic, then

Y4 = 1.3 (21)

If installation required is wet and the installation method is manual,
then

YS = 2.20 (22)

If installation required is wet and the installation method is automatic,
then

Y6 = 1.0 (23)

Thus, if installation required is dry,

CCED A-Y 2+(100-A) y, (24)
100 100

If installation required is wet and fay

CED3 A y +(100-A)3 (25)100 100

If installation required is wet,

CCED3 =1-A-Y. (!00100- A) Y5  (26)

100 100

Calculation of DCDE4

If installation required Is dry, then

DcEo. = - 0.009 A + 1.85 (27)

If installation required is wet, then

DCE04 -- 0.014 A + 2.4 (28)

If installation required is wet and fay, then

DCED4 -0.014 A + 2.7 (29)
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Calculation of DCDE5

If installation required is dry and the installation method is automatic,
then

Y1 = 1.0 (30)
If installation required is dry and the installation method is manual,

then

Y2 in2.7 (31)

If installation required Is wet and fay and the installation method
is automatic, then

Y3 1.3 (32)

If installation required is wet and fay and the installation method
is manual, then

Y4 - 33 (33)

If installation required is wet and the installation method is automatic,
then

Y5 = 1.0 (34)

If installation required is wet and the installation method is manual,
then

Y6 =3.1 (35)

Thus, for dry installation required:

DCDES A y+ (100-A) y2  (36)100 100

For wet and fay installation required:

DCOES m- AY 3 + 1 0 A) y (37)
100 100

For wet installation required:

CDEA y + (100-A) y(Oco•= • loo(38)
100 100
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Calculation of DCDE6

For dry Installation required:

DCoE6M -0.018 A + 2.833 (39)

For wet and fay installation required:

DCOE6 - - 0.023 A + 3.527 (40)

For wet installation required:

Dc 6 " - 0.023 A + 3.33 (41)

Calculation of DCDE7

For this cost driver, the format shows an 80% automation value. This
value is ignored and a more general interpolation for any degree of
automation is used.

If the material is aluminum and the installation method is manual, then

Y1 - 1.75 (42)

If the material is aluminum and the installation method is automatic,
then

Y2 - 1.0 (43)

If the material is titanium and the installation method is manual,

Y3 - 3.2 (44)

If the material Is titanium and the installation method is automatic,

Y4 -2.0 (45)

Thus, for aluminum,

- +(100-A) y, (46)100 100

and for titanium,

DcOE _ A y4 + (100 - A) y3 (47)
100 100
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Calculation of DcDes

If dry installation is required, the installation method is manual,
and the material is aluminum,

Y, - 1.75 (48)

If dry installation is required, the installation method is manual,
and the material is titanium,

Y2-3.2 (49)

If dry installation is required, the installation method is automatic,
and the material is aluminum,

Y3 -1.0 (50)

If dry installation is required, the installation method is automatic,
and the material is titanium,

Y4- 1.2 (51)

If wet and fay installation is required, the installation method is
manual, and the material is aluminum,

Y5 - 2.75 (52)

If wet and fay installation is required, the installation method is
manual, and the material is titanium,

Ye -4.0 (53)

If wet and fay installation is required, the installation method is
automatic, and the material is aluminum,

Y7- 1.25 (54)

If wet and fay installation is required, the installation method is
automatic, and the material is titanium,

YS1.5 (55)

If wet installation is required, the installation method is manual,
and the material is aluminum,

Y9 - 2.25 (56)

If wet installation is required, the installation method is manual,
and the material is titanium,

Yo - 3.75 (57)
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If wet Installation is required, the installation method is automatic,

and the material is aluminum,

y11 -1.0 (58)

If wet installation is required, the installation method is automatic,
and the material is titanium,

Y12 - 1.2 (59)

For dry installation required and the material is aluminum,
D A-y (100A) y, (60)

Dco 0 - •0 100

For dry installation required and the material is titanium,

DC=E -- A-y 4+(O0-A)Y2 (61)
100 100

For wet and fay installation required and the material is aluminum,
Dco= -c LYv + ( 00 A) Y5  (62)

100 100

For wet and fay installation required and the materi&l is titanium,
_L y. + (100-A) y,63

DcOEO - Ay M ( j~y (63)
100 100

For wet installation required and the material is aluminum,

Oo�_A_ 1 1y, - -• y9  (64)
100 100

For wet installation required and the material is titanium,

ocOEO - A- v 12 + (100 -A Y10  (65)Do 100 100

It Is evident that these explicit expressions for cost driver values
are well suited for symbolic programming languages such as Prolog.
The abundance of thes. pes of rules In the methodology is the primary
reason why r -, was idared at the outset as one of the three soft-
ware implemcentatfon languages.

e). Phase II: Cost Estimation

After cost drivers - examined, a cost estimate of the man-hours
required to assemble t poanel is rapidly made. Cost estimating data
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formats exist for this purpose. Cost estimation is performed differently
depending upon the panel material. First, cost estimation for aluminum
assemblies will be examined. Then, cost estimation for titanium assem-
blies will be described.

The cost estimate considers recurring costs and nonrecurring costs.
Recurring costs are man-hour labor requirements that include all hands-on
factory labor. Recurring costs do include: initial preparation for
jig loading, drilling, fastener installation, and storage for the next
assembly phase. Recurring costs do not include: tool maintenance,
planning, and quality control. For an Mluminum panel, the recurring
cost, CA , is given by:

erA- LCCEsI (66)

where L is the learning curve factor, reflectiaig the skill of the assembly
workers in learning to perform the panel assembly efficiently and this
depends upon both the quantity of units to be. assembled and the skill
level of the assembly operator.

Nonrecurring costs are man-hour labor requirements for tool fabri-
cation. Nonrecurring costs do not include tool design and tool planning
costs. Typically, tools need to be replaced after a certain number
of units are assembled; thus, nonrecurring costs are incurred every
P units, where P is the toel life in units assembled. An aluminum panel's
nonrecurring cost, CVA , is given by:

CIA- [mt (N - ) + CSM .(67)

where N is the number of units to be produced, P is the tooling life
in units assembled per tooling, and the function into takes the integer
part of the ratio N/P. Typically, P is set to 200 units assembled per
tooling.

Figure illustrates how the nonrecurring cost of an aluminum assem-
bly varies with N when CCEDo is 400 man-hours and P is 200 units/tooling.

The variation of nonrecurring cost with production quantity N has
several noteworthy features. The nonrecurring cost converges, i.e.

CIA - CCE03 (68)
N-op P

The maximum value of nonrecurring cost for any cycle is

max CIA (+ 1) CCED3 (69)
iP+i
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at

N-IP+ 1 where/- 0, 1,2,...

The minimum value of nonrecurring cost for any cycle is:

min CIA - Cc•wP (70)

at

N (i+ 1) Pwhere i - 0, 1, 2....

These expressions for maxima ana minima may be useful for cases when
planning the production volume.

Considering both recurring and nonrecurring costs, for an aluminum panel,
the total man-hour content,CT, is:

CT-CA+CIA (71)

or

CT -LWCCWI+ [nt _ i]QM72I PN (72)
Figure 2.6-2 presents an example of the total unit cost of an aluminum

assembly for varying production quantities.

The recurring cost, CT, for a titanium panel is given by:

CT -LCcED2 (73)

The nonrecurring cost, CIT, for a titanium panel is given by:

Considering both recurring and nonrecurring costs for a titanium panel,

the total man-hour content, CT, is:

CT - CrT + CT (75)

or

CT-LCCED2 + [int +I)+ ] (76)
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f). Calculation of Cost Estimating Factors

Calculation of cost estimating factors CCEDI, CCEo2 , and CcEo , is per-
formed in a manner similar to the calculation of cost driver functions.

Calculation of CCEDl

If dry installation is required and the installation method is manual:

Y1 =0.020 NF + 1.5 when 1 s NF < 700 (77)

or

Y1 - 0.018 NF + 2.7 when 700 s NF s 1100

If dry installation is required and the installation method is automatic:

Y2 - 0.011 NF + 0.3 when 1 s NF < 700 (78)

or

Y2 = 0.0067 NF + 3.3 when 700 s NF s 1100

If wet installation is required and the installation method is manual:

Y3 - 0.028 NF + 0.9 when 1 s NF < 700 (79)

or

Y3 - 0.025 NF + 3.0 when 700 s NF s 1100

If wet installation is required and the installation method is automatic:

Y4 - 0.011 NF + 03 when 1 s NF < 700 (80)

or

Y4 - 0.0067 NF + 3.3 when 700 s NF s 1100

If wet and fay installation is required and the installation method
is manual:

Y5 - 0.032 NF + 1.1 when 1 i NF < 700 (81)

or

Y5 - 0.028 NF + 3,7 when 700 s NF s 1100

2-131



If wet and fay installation is required and the Installation method

is automatic:

Ye = 0.014 NF + 1.7 when 1 < NF < 700 (82)

or

YV - 0.0083 NF + 5.7 when 700 s NF S 1100

Combining, for dry installation required:

CCE¶I - -L 2 +(10 0 -A) Y'i (83)100 100

For wet installation required:

CCED A Y4 +(100 -A)Y3 (84)100 100

For wet and fay installation required:

CcEo1 -A- ye + (100 -A) y5  (85)
100 100

Calculation of CCED2

If dry installation is required and the installation method is manual:

YV - 0.041 NF + 1.3 when 1 s NF < 700 (86)

or

YV - 0.030 NF + 9.0 when 700 s NF % 1100

If dry installation is required and the installation method is automatic:

Y2 = 0.014 NF + 0.2 when I s NF < 700 (87)

or

Y2 - 0.0067 NF + 5.3 when 700 < NF s 1100

If wet installation is required and the installation method is manual:

Y3 - 0.046 NF + 1.8 when 1 s NF < 700 (88)

or

Y3 - 0.040 NF + &0 when 700 s NF < 1100
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If wet installation is required and the installation method is automatic

Y4 = 0.014 NF +0.2 when 1 s NF < 700 (89)

or

Y4. 0.0067 NF + 5.3 when 700 s NF < 1100

If wet and fay installation is required and the installation method
is manual:

Y5 - 0.050 NF + 2.5 when 1 - NF < 700 (90)

or

Y5 - 0.042 Np + 8.3 when 700 s NF s 1100

If wet and fay installation is required and the installation method
is automatic:

Y6 0.017 Np + 1.1 when 1 s NF < 700 (91)

or

Y6 = 0.010 NF + 6.0 when 700 s NF s 1100

Combining, for dry installation required:

CCED 2-- A- Y, +(10 0 -A) y, (92)
100 100

For wet installation required:

CCED 2 = AY 4 + (100 - A) y3100 100 (93)

For wet and fay installation required:

CCE02 "-LY. + (1001- A) Y5  (94)
100 100 7)

Calculation of CCED3

If installation method is manual:

Y -= 16.670+183 when 9 s 0 < 16 (95)
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or

Y1 = 28.750- 10 when 16 < 0 < 24

If installation method is automatic:

Y2 - 16.670+208 when 9 s 0 < 16 (96)

or

Y2 - 28.130 + 25 when 16 -: 0 < 24

combining,

CCEO3= -A-?Y2 + (I00-A) Y,

100 (97)

2.7 CURRENT STATUS

Much of the software prototype is operational, with the exception
of the graphics presentation of formats.

?.7.1 I.mplemented Features

At its current stage of development, the prototype contains the

following features:

* Automated calculation of cost driver values

9 Automated cost estimation of the man-hours required to assemble
the candidate designs

* Removal or addition of itew concepts to be evaluated

* A comparative presentation of different product candidates in
the form of: cos* estimating tables, cost driver tables, and
specification tables

* Automated interpolation of cost driver and cost estimating func-
tions for any percentage of assembly automation

* A three-level structure for working at: (I) the assembly level,
(II) the design candidate sunimary level, or (III) the individual
candidate level
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9 One-letter command entry and one-line command bar displays

* Addition or removal of a product candidate

e Interactive editing of a product candidate

* Automated default values for a new product candidate.

The prototype, at this stage, does not contain:

9 Adequate presentation of formats

* Automated calculation of learning curve factors

* Sufficient technical software documentation

9 An on-line help function.

2.7.2 Using the Software

Using the software is straightforward. A three-level command system

exists:

I. Commands that affect different products

II. Commands that summarize all the candidates for a given product

III. Commands that affect a particular candidate.

Three levels were used in order to reduce the risk of using certain
commands (especially delete commands) at improper times. Also, by using
three levels, all available commands will fit into a command line found
at the bottom of the screen. Commands are executed by pressing the
first letter of the command displayed on the current command bar.

To start the software, start DBASE IlI+ by typing 'dbase'. When
the dot prompt appears, type 'do dbasenoton/nmain' to begin program
execution.

a). Level I: Several Assemnbly Types

Figure shows a typical level I screen. Note that product refers
to assembly. In level I, the following commands are available:

(L)ist Products: Show all the current products available in the
directory.
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(D)el Product: Delete a product and all of its. constituent

candidates.

(A)dd Product: Add a new product (panel) to be analyzed.

(G)et Product: Prepare one of the listed products for level
II commands.

e(X)it: Exit from program.

b). Level II: Candidates of One Product

Figures through show typical candidate comparison tables
available using level II commands. In level II, the following commands
are available:

(C)ost Comp.: Comparison of cost estimating data for different
candidates of the same product.

(D)river Comp.: Comparison of cost-drivers ior different candidates
of the same product.

(S)pec. Comp.: Comparison of panel specifications for the nine
design/production factors used by the methodology.

(M)odify Look at and edit the information about individual
Candidates: candidates.

e(X)It: Exit level II and return to level I commands.

c). Level III: One Candidate

Figure shows an example screen for a single product candidate.
Available commands are:

(S)earch: Search for a candidate by design alternative name

or substring within name.

(E)dit: Edit the candidate currently displayed on the screen.

(N)ext: Display the next product candidate.

(P)rev: Display the previous product candidate.

(D)el: Delete the current candidate.

2-136



(A)dd: Add a new candidate.

(C)alculate: Calculate or recalculate all the cost estimating
and cost driver functions.

(G)raph: Graph the formats with respect to the current candi-
date. Currently, this function is not operational.

e(X)it: Exit level III and return to level II.

2.7.3 Software Organization

The following modules are used during program execution:

Name Ext Size Description

CDEI PRG 470 Calculates cost driver 1

CDEII PRG 241 Calculates cost driver 2

CDEIII PRG 604 Calculates cost driver 3

CDEIV PRG 298 Calculates cost driver 4

CDEV PRG 601 Calculates cost driver 5

CDEVI PRG 312 Calculates cost driver 6

CDEVII PRG 452 Calculates cost driver 7

CDEVIII PRG 1398 Calculates cost driver 8

CED1 PRG 734 Calculates cost estimate I

CED2 PRG 804 Calculates cost estimate 2

CED3 PRG 344 Calculates cost e~timate 3

NCALC PRG 8775 Calls and executes all cost driver
and cost estimate functions for a
particular candidate

NGRAPH PRG 667 Sample module using DBASE tools for
C graphics functions

NMAIN PRG 4207 Main module for software
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NPRENU PRG 5903 Level II command module

NMODELDB DBF 1186 Model database structure

NPOLY PRG 257 Example 6th-order polynomial curve
extrapolation routine. Suffers from
round-off problems inherent in DBASE
scientific calculations

NSCREEN PRG 2483 Candidate screen

NSELECT PRG 922 Test module, superceded by NCALC

NVMENU PRG 4888 Level III command module

PRODUCT DBF 2306 Sample candidate

PRODUCT FMT 2580 Candidate format file

PRODUCT SCR 4262 Candidate screen file

PRODUCT TXT 4077 Database structure text file

2.7.4 Difficulties Encountered

Several difficulties have been encountered during the project.
They are related to some limitations of DBASE III+ and the commercial
software accessories for DBASE III+.

a). Precision

In order for the computer to calculate a value for a cost estimating
format or a cost driver format, some numerical representation of the
function is required. Calculating values from bar charts entails only
a simple weighted average. Calculating values from straight lines is
also easy. Some formats contained curves that would have been simpler
to approximate by fitting a simple polynomial to the curve.

It was discovered that fitting a polynomial to a curve in DBASE III+
is difficult because scientific number representation is not available.
Thus, a number xiO- 16 disappears. An additional problem is that variable
arrays zre not supported. This causes difficulty, since most numerical
curve interpolation techniques use dimensioned variables.

After several approaches with polynomial models of curves, polynomial
curve fitting was not pursued further. Instead, piecewise linear approxi-
mations were used and these approximations appear satisfactory.
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Use of a DBASE lII+ interface to C was attempted, but the interface
is quite tedious to establish and the memory resident interface prevents
other commercial packages from loading unless the computer is rebooted.

b). Graphics

It is desired to present formats graphically, preferably showing
the values of the current candidate. A graphics library interface to
DBASE III+ was attempted. The graphics interface switches the EGA screen
into low-resolution CGA mode. Low-resolution CGA mode graphics is un-
acceptable for the detail required by the formats. In addition, the
memory resident graphics interface prevented the loading of other software
packages.

Currently, several alternative solutions are being considered. The
first solution is to draw the formats by writing C-base graphics programs
using HALO. The second solution is to hand-draw the formats using a
mouse and an interactive graphics program called DR. HALO III. In either
case, the images would be called DBASE III+ as a self-executive module.

2.7.5 Proposed Further Work

Several tasks are proposed for further efforts on computerization:

9 A satisfactory presentation of formats

e Automatic calculation of learning curve factors

* An on-line help function.

2.7.6 Conclusion

The conclusion of this task is that, in spite of several technical
problems, development of a computer-based design aid continues; a working
prototype is feasible.

Further developments are required for a full-featured computer
design aid. When the design aid has been developed, it still remains
to determine the degree of success of the system over manual methods
and the acceptance of such a system by both experienced and unseasoned
designers.

2-139



2.7.7 Symbols and Definitions

Candidate Design A candidate is a specific product design
that meets all of the design requirements.
There will be several possible candidates
for one product or system.

Cost Driver Effect (CDE) A normalized function indicating the effect
of one or more design factors on the man-hours
of labor required, in this example, for
assembly. CDE functions are typically
displayed in graphical form. They are not
used for cost estimating; rather, they are
used for designer guidance in all phases
from conceptual to production design.

Cost Estimating Data (CEO) A function indicating the effect of one
or more design factors on the man-hours
of labor required for assembly. CED functions
are typically displayed in graphical form
and the data are used for design/manufacturing
cost trade-off studies.

Fastener In the scope of this MC/DG section on mechani-
cally fastened assembly, the fasteners are
either: (1) upset rivets, (2) pins, or
(3) collars.

Format A bar or line graph displaying either a
CDE function or a CED function. Cost Esti-
mating Data formats are coded: CED-MFA-1,
CED-MFA-2, CED-MFA-3. Cost Driver Effect
formats are coded: CDE-MFA-I, CDE-MFA-II,
CDE-MFA-III, ... , CDE-MFA-VIII.

Installation Method Installation methods may be manual or
automatic riveting, or various combinations
of the two.

Installation Requirements Installation requirements may be: (1)
installed dry, (2) installed wet, or (3)
installed wet and fay surface sealed.

Labor Learning Curve Reflects the skill of the assembly laborers
in learning to perform the panel assembly
efficiently. Typical values are 65%, 70%,
... , 95%.
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Materials Sheet materials may be either aluminum or
titanium.

Perimeter The outside perimeter of the panel measured
in feet.

Product In the context of this task, a product
consists of the set of one or more design
candidates which meet the design requirements
of the panel to be produced.

Nonrecurring Costs Nonrecurring costs are man-hour labor require-
ments for tool fabrication. Nonrecurring
costs do not include tool design and tool
planning costs. Typically, tools need to
be replaced after a certain number of units
are assembled; thus, nonrecurring costs
are incurred every P units, where P is the
tool life in units assembled.

Recurring Costs Recurring costs are man-hour labor require-
ments that include all hands-on factory
labor. Recurring costs do include: initial
preparation for jig loading, drilling,
fastener installation, and storage for the
next assembly phase. Recurring costs do
not include: tool maintenance, planning,
and quality control.

A Percent automation.

CCEDI Recurring installation costs (in
man-hours/assembly) for aluminum rivets
obtained from format CED-MFA-1. It is a
function of: (1) installation requirements,
(2) installation method and (3) total number
of fasteners in the assembly.

CCED2 Recurring installation costs (in man-hours/
assembly) for titanium rivets obtained from
format CEO-MFA-2. It is a function of:
(1) installation requirements, (2) installa-
tion method and (3) total number of fasteners
in the assembly.

CCED3 Nonrecurring tooling cost (in man-hours)
for aluminum and titanium assemblies; obtained
from format CED-MFA-3. It is a function
of: (1) perimeter of the assembly in feet
and (2) the installation method.
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CIA Recurring cost (in man-hours) for the assembly
of an aluminum panel.

CT Recurring cost (in man-hours) for the assembly
of a titanium panel.

CIA Nonrecurring cost (in man-hours) for the
assembly of an aluminum panel.

CfT Nonrecurring cost (in man-hours) for the
assembly of a titanium panel.

CT Total cost (in man-hours) for the assembly
of one panel. Includes both recurring and
nonrecurring labor.

DcDE Relative cost of installation (in normalized
man-hours) obtained from format CDE-MFA-I.
It is a function of: (1) material and (2)
installation method.

DcDE Relative cost (in normalizFA man-hours)
obtained from format CDE-MFA-II. It is
a function of: (1) the numaer of parts
excluding fasteners and (2) installation
method.

DCME Relative installation cost (in normalized
man-hours) for aluminum assemblies obtained
from format CDE-MFA-III. It is a function
of: (1) installation method and (2)
installation requirements.

DOcE4 Relative installation cost (in normalized
man-hours) for aluminum assemblies obtained
from format CDE-MFA-IV. It is a function
of: (1) installation requirements and (2)
installation method.

DCoDES Relative installation cost (in normalized
man-hours) for titanium assemblies obtained
from format CDE-MFA-V. It is a function
of: (1) installation method and (2)
installation requirements.

0 CDEo Relative installation cost/fastener (in
normalized man-hours) for titanium assemblies
obtained from format CrK-MFA-VI. It is
a function of: (1) installation method
and (2) installation requirements.
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DcoE7 Relative Installation cost/fastener (in
normalized man-hours) obtained from format
CDE-MFA-VII. It is a function of: (1)
material and (2) installation method.

DCDES Relative cost/fastener (in normalized man-
hours) for aluminum and titanium assemblies
obtained from format CDE-MFA-VIII. It is
a function of: (1) installation requirements,
(2) material and (3) installation method.

L Learning curve factor. Learning curve
reflecting labor skill. The factor is
provided in each manufacturing technology
section of the "Manufacturing Cost/Design
Guide" (MC/DG).

N Production volume, the number of units to
be assembled.

NF Number of fasteners.

Np Number of parts, excluding fasteners.

0 Outside perimeter of panel.

P Life of tools in units assembled. For
example, if P is 200, tools must be replaced
after each batch of 200 units is assembled.
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1.1 INTRODUCTION

At the outset of the initial "Manufacturing Cost/Design Guide"
(.C/DG) program, a survey was conducted of the potential users in the
design process. The original responses and objectives of the series
of volumes are still timely and important. The results of the survey
are therefore included in this report as an Appendix.

The questionnaire was sent to designers, with varying degrees of
experience, at eight major aerospace companies. For some questions,
the total number of responses exceeded 80.

The questions asked were in the following general categories:

1. General questions on the "Manufacturing Cost/Design Guide"

2. Data sources, retrieval and presentation

3. Experience and attitudes concerning computers.

1.2 OVERVIEW OF CONCLUSIONS FROM SURVEY

The following is an overview of the results of the survey. The
detailed responses are included in Table A-i.

1.2.1 Background of Designers

* The majority of those designers surveyed work on fuselages and
wings of military fighter and attack aircraft and have over
ten years of design experience. The MC/DG is particularly useful
for such subassemblies.

1.2.2 Design Activities

* The MC/DG should be used in all phases of design, i.e., from
conceptual through detail design. Hence, the MC/DG for conceptual
design has been developed and is included in the main section
of this report.

• The most time-consuming functions of the designer are drafting
and creative/conceptual activities. Hence, there is a need
to address manufacturing cost at the outset of system development.
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* The most frequently consulted cost data/information sources
are graphs of standard parts and materials. Prior to the MC/DG
development, no other data and formats existed to stimulate
innovative design of unique structures which are designed to
minimize manufacturing cost.

1.2.3 Formats or Design Charts

@ The MC/DG and its formats or design charts should be easy and
quick to use. The design-to-cost function must enable the
creative momentum and designer enthusiasm to be maintained and
should not exceed 10 percent of the total design time.

* Most of the designers interviewed felt that the MC/DG should
be structured to guide the designer through the design-to-cost
process and that it should be very beneficial to unseasoned
engineers.

* The most preferred presentation modes for MC/DG information
were x-y graphs with text, including utilization examples.

* A listing of Designer Influenced Cost Elements (DICE), Cost
Driver Effects (CDE) and Cost Estimating Data (CED) in the MC/DG
was judged to be useful. It is a building-block approach with
DICE added to base parts.

1.2.4 Computerized MC/DG

* Most designers surveyed have used computerized job aids previously
and found them generally helpful, but, at that time, they did
not use them frequently (partially due to management constraints).

@ Most designers surveyed felt that a computerized MC/DG would
help most in performing trade-off studies and for design-to-cost.
They need the tool particularly in the creative/conceptual design
phase.

* The ability to store parts in the data base as members of a
subassembly in the computer and the ability to use simultaneously
design and analysis programs, while utilizing the MC/DG were
considered valuable.

1.2.5 Hard Copy of MC/DG

* The designers indicated that the MC/DG would be utilized almost
equally in the conceptual, preliminary, and detail design phases.
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* The hard copy of the MC/DG would be applied in all phases of
design as an aid in the selection and evaluation of structural
configurations and for performing trade-off studies on components.
It would also be used as a reference manual in meetings
(especially when justifying designs with management).

e The support groups stated that the MC/DG would be useful in

each of the following areas:

- Analysis of cost-competitive designs

- Manufacturing engineering and producibility

- Justification of investments in facilities.

* Designers felt that the hard copy of the MC/DG would be used
extensively and, unless the response time was minimal, possibly
more than a computerized guide. It should be mentioned that
the average age of designers exceeds 57 years and the majority
of these professionals have not been trained in the use of
computers. However, this would rapidly be changed by management
when evidence is observed that a computerized guide could speed
up the design process and, hence, reduce the cost of design.
The response time is extremely important. The need is evident
to sell computer-aided design-to-cost to management and convince
them to invest in appropriate computerized systems to ensure
the local availability of the computer to the designer for
minimizing manufacturing cost.
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APPENDIX B

MECHANICALLY FASTENED ASSEMBLY

SECTION OF THE MC/DG
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4.2 Mechanically Fastened Assembly Section

This section contains format selection aids, identification of the
types of parts analyzed for data to determine the manufacturing man-hour
data, examples of how the data are utilized in airframe design and a set
of mechanically fastened assembly formats. These formats include cost-
driver effects (CDE), cost-estimating data (CED), and designer-influenced
cost elements (DICE).

4.2.1 Format Selection Aids

Format selection aids are presented to provide the user with a building-
block approach to determine manufacturing cost data for alternative designs
or processes. The designer can review the format selection trees and identify
those areas that have an impact on his design. The formats provide cost-
driver effects (CDE) for qualitative guidance to lowest cost and cost-esti-
mating data (CED) in man-hours for conducting trade-off studies.
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4.2.2 Example of Utilization

This example demonstrates to the designer how the mechanically
fastened assembly data is utilized on a specific design problem. The
example shows how to identify applicable formats, how to extract data
from the formats, and provides a discussion on how the data are used
to determine the part cost in man-hours or dollars. The MC/DG cost
worksheet can be used to record the cost data for easy reference and
to determine the total program cost. The MC/DG worksheet appears as
Table 3-3.

4.2.2.1 Utilization Example of Aluminum First Level Assembly

Problem Statement

Determine manufacturing cost (man-hours) for an aluminum (2024)
first level assembly shown in Figure 4.2-1. The order will be for 200
units.

Procedure

The following procedure is used to determine the manufacturing cost
(man-hours) for the assembly.

1. Review the Format Selection Aid (Fig. 4.2-1) for Mechanically
Fastened Assemblies.

2. Determine the formats to use. In this case, Formats CED-
MFA-1 (Fig. 4.2-3) and CED-MFA-3 (Fig. 4.2-4) are required.

3. Study the formats to determine the parameters and conditions
needed for use. To use CED-MFA-I, the number of fasteners,
fastening method, and sealing requirements must be specified.
The sketch indicates 133 fasteners with the faying surface
sealed. For this example, manual and uutomatic riveting
will be considered. To use CED-MFA-3, the part perimeter
(ft) and fastening method is required. The perimeter in
this case is 14.4 ft, and again, both automatic and manual
riveting will be considered by the designer.

4. Determine the values for recurring cost and nonrecurring
tooling cost (NRTC) from the formats:

(a) Manual

* From CED-MFA-l, read that the recurring cost
5.0 man-hours per part

* From CED-MFA-3, read that NRTC - 420 man-hours
NRTC - 420 man-hours per 200 parts

- 2.10 man-hours per part

* The learning curve factor to convert unit cost
at 200 to cumulative average cost for an 80
percent curve and a quantity of 200 is 1.45 (see
(Table 4.2-1).

Total cost - 1.45 (5.0) + 2.1 - 9.35 man-hours per
part. B-4



(b) Automatic

"* From CZD-MFA,-I, read Lhat recurting cost at
unit 200 - 3.-5 man-hours per oart

"* From CED-MFA-3, read that
NRTC - 440 man-hours per 200 parts

= 2.2 man-hours per part.

Total cost - 1.45 (3.2J) + 2.2 - 6.91 man-hours
per part.

5. No applicable DICE are indicated, and, therefore, th• costs
determined above are the final total costs for assembJ. -g
the part.
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INSTALLATION COSTS FOR ALUMINUM RIVETS

SINSTALLATION METHOD CURVE
INSTALLATION AUTO- 80% AUTO70 REOU!mEMENTS1 AT- 0%UO

70, MANUAL MATIC 20% MANUAL

60 DRY 5 1 2

PRIMER OR
z SEALANT ON 6 1 3

' FASTENER ONLY

w SEAL.NT ONSFASTENER AND 4
P PAYING SURFACE

S 40 -

W FOR NONRECURRING
U - TOOLING COSTS SEE _. -otI CED-MFA-3

m 30 0__,1- 6
0

2 1 . .... .. ..o ,
a 20

10

0 200 40C 600 600 1000 1200

TOTAL FASTENERS IN ASSEMBLY CED.MFA.1

FIGURE 4.2-3. FORMAT USED IN EXAMPLE
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NONRECURRING TOOLING COST FOR
ALUMINUM AND TITANIUM ASSEMBLIES

1000 -....

i°° __- - - -- I-- A-I
S00 -I- --" -

Fe400 ,

. 400I MANUAL RIVETING

E I

z
0_Z 200 I

0 1 1 1 1 1
0 2 4 6 8 10 12 14 16 1 20 22 24

PFRIMETER, FEET

AiCED3MFA'31
FIGURE 4.2-4, FORMAT USED IN EXAMPLE
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TABLE 4.2-1

FACTORS TO CONVERT THE MC/DG 200TH UNIT
COST TO THE CUMULATIVE AVERAGE COST

FOR THE DESIGN QUANTITY AND
LEARNING CURVE INVOLVED

DESIGN LEARNING CURVE-%
QUANTITY 95 90 85 80 75 70 65

1 1.48 2.25 3.48 5.50 9.00 15.00 27.00

10 1.33 1.79 2.47 3.48 5.04 7.53 11.67

25 1I25 1.59 2.05 2.71 3.68 5.13 7.43

50 1.19 1.44 1.79 2.22 2.65 3.76 5.14

100 1.13 1.30 1.52 1.80 2.18 2.73 3.51

200 1.08 1.17 1.30 1.45 1.66 1.95 2.36

350 1.04 1.08 1.14 1.22 1.33 1.48 1.70

S00 1.01 1.02 1.05 1.09 1,15 1.24 1.38

7,0 0.98 0.96 0.96 0.96 0.97 1.01 1.09

1000 0.96 0.92 0.49 0.87 0.87 0.1s 0.91
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4.2.3 Airframe Assemblies

To determine the msnfatczri.. nr-ýrs for first level vacbically
fastened assemblies, the ameemblies shos a ISISWs 4.2-5 t t. 4.20- Wer*
analyzed. The assemblies were:

"* Avionics PaFme
"* ruselage piel
* Fuselae oor.

B-10



z
0

Z N

VIL
(I I.

00

A 0

•-?.

0 0 0

B-10

CCA

BCIlil



HIM

ac

ujZ~
CO~ 

g-wiii
I-I

L.4

B-21



FUSELAGE CUT-OUT

Iha-AL-i-SIZE A (24" x 36")
SIZE B (24" x 72")
SIZE C (48" x 36")
SIZE D (48" x 96")

-• 14.0"

4.25"I

- - ÷ 4. 4. + ÷ . + + 4..1

6+ 0 1 4.10 0

1+ +

++ - .-.I.+ JOGGLE-I 1 Ii 2 PL.ACES/
+ + + + + + 4+ 4 4 + + +

8 SECTION B-B

DOUBLER 14.0" x 16.0" x 0.060" -

2024 - T81

SECTION A-A
FIGURE 4.2-7, DETAILS OF WINDOW IN FIGURE 4-9-5
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UM 450261000

3 Jan 1983

FUSELAGE DOOR ASSEMBLY

+ + 0.75
7 ref

Corner Frame
Gusset Gusset SECTION C-C

0-- 75
typ

A A

60625 rivet

B ~ B spacing

(Typ)

_ A

0.625 rivet spacing (typ 2 places)

0 .7 5 l e.-- - o6o5 rL

SECTION A-A

60" R constant " •=\R

Corner Clip
FIGURE 4,2-8 ASS2•.BLY .ANALYZED TO DEVELOP DATA
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TABLE 4.2-2. DIMENSIONS AND MATERIALS OF ASSEMBLIES ANALYZED

Size Size,
Assembly Type Material Classification Inches

Avionics Bay Panel Aluminum-1 A 24x36
B 24x72
C 48x36
D 48x96

Fuselage Panel Aluminum-2 A 24x36
B 24x72
C 48x36
D 48x96

Fuselage Door Aluminum-3 A 24x36
B 24x72
C 48x36
D 48x96

Avionics Bay Panel Titanium-i A 24x36
B 24x72
C 48x36
D 48x96

Fuselage Panel Titanium-2 A 24x36
B 24x72
C 48x36
D 48x96

Fuselage Door Titanium-3 A 24x36
B 24x72
C 48x36
D 48x96

B-15



4.2.4 Manufacturing Data for Airframe Ausemblies

The following data for airframe assemblies are presented using
cost-estimating data (CED) and cost-driver effect (CDE) formats for
conducting trade-studies.

I
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EFFECT OF INSTALLATION METHOD FOR
ALUMINUM AND TITANIUM ASSEMBLES

5

-- ] Recurring

Nonrecuring

.2
eTI TI

3

22
j Al

011
100% 80% 100% Manual 100% Manual

Automatic Automatic Rivet HI-LOK
Rivet Rivet Installation Installation

Installation Installation (Clearance Fit)

*Includes the complete operation-hole
preparation and fastener setting

I CDE-MFA-I
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EFFECTS OF SEALING ON FASTENER INSTALLATION
COST ALUMINUM ASSEMBLIES

5

. CZ

j4I __ _ II ___

I CEl-MFA-l 1
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EFFECT OF SEALING ON ASSEMBLY COST

ALUMINUM ASSEMBLIES

3

C Installed Dry

0 0 40 60 so aa

Percent Automatic Installation

ICDE-MFAI
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EFFECT OF SEALING ON 'FASTENER INSTALLATION
COST TITANIUM ASSEMBLIES

5

cc iii _____

re 3_ _ _ ___ _

cs_________

2

CD-F-
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EFFECT OF SEALING ON ASSEMBLY COST
TITANIUM ASSEMBLIES

-- Installed Wet and Fay
13 Surface Sealed

Instuled Wet

0 2

I I I

0

0 20 40 60 80 100

Percent Automatic Installation

CDE.MFA.V1
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COST EFFECTS OF INSTALLATION* METHOD,
ASSEMBLY MATERIAL AND FASTENER TYPE

5

C
4 ____ UIIii

€ .Titanium Titanium

.3

0
2

Aluminum Aluminum
m Titanium

Alu Tinmtanium Aluminum

0I

"installation Includes the complete operation-hole
preparation and fastener setting Recurring Cost

Nonrecurring Cost

CDE-MFA-VII
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EFFECT OF SEALING ON FASTENER INSTALLATION
COST: ALUMINUM AND TITANIUM ASSEMBLIES

5.0 Rivet Installed Dry Rivet Installed Wet Rivet installed Wet
With Sealant or With Sealant; Also

- Primer Faying Surface
SealantSena~t Man.

4.0- Man.

Man.

3M0a

MaMan.

~ 2.0 Mn.Man.2.0 -
Man. "4•t

cc Auto

14 ut.Ato. Auto uoAt

ICDE-MFA-VIIII
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INSTALLATION COSTS FOR ALUMINUM RIVETS

80

SINSTALLATION METHOD CURVE
INSTALLATION A 1 370 REQUIREETPUO- 8%AT

70- EQUREMNTSMANUAL MATIC* 20% MANUAL

IDRY 5 1 51 2
60 _________

0 PRIMER OR
z SEALANT ON 6 1 3

FASTENER ONLY.

5 SEALANT ON
FASTENER AND 7 3 4"FAYING SURFACE

40.

4 FOR NONRECURRING

TOOLING COSTS SEE -- _

47
CED-MFA-3

S30

i . 5

S20 4

3

0 200 400 600 800 1000 1200

TOTAL FASTENERS IN ASSEMBLY CED.MFA.1!

1CE)--F2-5
D~2



INSTALLATION COSTS FOR TITANIUM RIVETS

INSTALLATION METHOD CURVE

INSTALLATION AUTO- 80% AUTO
80-- R'OIJIREMNTS MANUALi MATiC j20% MANUAL

SDRY 6 1 3

PRIMER OR
SEALANT ON 7 1 4
FASTENER ONLY

z 60 SEALANT ON
cc FASTENER AND 8 2 5

FAYING SURFACE I

- 50 FOR NONRECURRING
TOOLING COSTS SEE

( CED-MFA-340 _ - ! / ,

0 40

30

5

3
2

0 200 400 600 800 1000 1200

TOTAL FASTENERS IN ASSEMBLY CED-MFA-21
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NONRECURRING TOOLING COST FOR
ALUMINUM AND TITANIUM ASSEMBLIES

S800

Z 600 - RIVET114G

S400 - -
- AI RMANUAL RIVETINGcc_

Z 200 -__

PERIMETER, FEET

iC:ED-MýFA-3I
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4.2.5 Ground Rules for Mechanically Fastened Assembly Section

The following General and Detailed Ground Rules for the Mechanically
Fastened Assembly Section were developed to establish the scope of the data
required and to establjLsh guidance to MC/DG application. Ground rules are
necessary and imporrant as Lhey puuoLoe ndetanding, Cnsurc ccnsistency,
uniformity, and accuracy in generating and integrating data into the
formats.

4.2.5.1 General Ground Rules

The general ground rules are categorized under the following

major groupings:

(a) First-Level Mechanically Fastened Assemblies (MFA)

(b) Materials

(c) Assembly Methods

(d) Facilities

(e) Data Generation - Recurring Costs

(f) Data Generation - Nonrecurring Costs

(g) Test and Evaluation of Data

(h) Support Function Modifiers.

(a) First-Level Mechanically Fastened Assemolies (MFA)

(1) The MFA were selected to provide, where possible, data

for more than one manufacturing assembly method to enable

the designer to select the most cost-competitive method

in trade-off studies by making cost comperisons-

(2) The assemblies selected are representative of common

first-level structural assemblies required in both

small and large aircraft. The majority of discrete

parts utilized in these assemblies was selected from

the Demonstration Section for "Sheet Metal Aerospace

Discrete Parts", to form the foundation so that the

designer can modify the part, as required, to achieve
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the desired structural foundation and configuration.

The assemblies selected were an avionics bay panel, a

fuselage panel with a cutout, and a fuselage door
assembly.

(3) Drawings were developed defining the selected assemblies

in the required detail to conduct the cost estimating

analysis.

(b) Materials

(1) The materials selected for the assemblies are:

"* Aluminum - 2024

"* Titanium - 6AI-4V.

(2) Raw materials and fastener costs are not included in

the MC/DG formats for MFA but were addressed in the

Fuselage Shear-Panel Trade-Off Studies.

(3) The material cost for the tooling was not included.

(c) Assembly Methods

(1) Only conventional methods of assembly were evaluated

to assemble the parts.

(2) A production environment was assumed for the selected

assemblies.

(3) To generate an effective manufacturing man-hour data

base for each selected assembly, the operational

sequence for the applicable manufacturing technologies

was established reflecting the most economical pro-

cedure. The operational sequence was standardized

then used by each team member, as the standard, to

determine the base assembly cost. The operational

sequences are indicated in Appendix E.

(4) Nonrecurring tooling costs (NRTC) for the manufacture

of the various assemblies were provided on the Data

Collection Forms.
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(d) Facilities

(1) Only conventional or standard manufacturing facilities

available in the airframe industry were considered.

(e) Data Generation - Recurring Costs

(1) Recurring man-hour data were generated for the complete

assembly process to include all hands-on-factory direct

labor operations from initial preparation for jig loading,

drilling, and fastener installation, to storage for the

next assembly phase.

(2) A base cost was generated for each assembly type. This

base part was configuration IIa-l-size A (24 in x 36 in)

avionics panel assembly with 100 percent automatic

installation of fasteners common to skin and sub-

structure.

(3) Designer-influenced cost elements (DICE) were treated

as separate cost elements over and above the base

assembly cost.

(4) The quantity for which the base assembly cost was

determined was unit 200.

(5) Man-hours associated with DICE and other cost drivers

were identified.

(6) The data were represented in man-hours.

(7) Assembly time consists of the direct man-hours to set up

and complete the assembly operation.

(8) Recurring tooling costs (tool maintenance, planning, etc.)

were not included.

(9) In developing cost data for assemblies, the participating

companies used comon, but proprietary, learning curves.

(10) The assembly man-hours, as derived by each airframe

company, were normalized by BCL to reflect an industry

team average value for each assembly.
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(11) For proprietary reasons, realization factors, including

personal fatigue and delay (PF&D), individual company

standards, and other business-sensitive information

employed at team member companies were not included in

the analysis or on the data sheets or MC/DG formats.

(f) Data Ceneration - Nonrecurring Costs

(1) Tool fabrication man-hours were developed for each

assembly type. Tool design and tool planning man-

hours were not included.

(2) The cost of production assembly tooling was restricted

to contract or project tools only.

(3) Nonrecurring tooling costs (NRTC) generated by the

team companies were normalized by BCL for presentation

in the MC/DG formats for MFA.

(g) Test and Evaluation of Data

(1) Test and confirmation of the formats and integrated

data were accomplished by two team members. Each of

the remaining three team members was provided with the

data inserted on the MC/DG formats. In order to gain

confidence and ensure the validity of the formatted

data, the selected configurations were submitted to

cost-estimators in other team companies: These data

were then compared to the formatted data generated and

evaluated to assess its credibility. Any anomalies
were resolved and modifications incorporated, if

appropriate.

(h) Support Function Modifiers

(1) Additional efforts other than factory labor, such as

quality control and assurance, manufacturing engineering,

and planning, were excluded from the assembly man-hour

data supplied to BCL. These modifiers may be included

later by MC/DC airframe company users.
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4.2.5.2 Detailed Ground Rules

(1) Manufacturing assembly methods evaluated:

* Manual installation--impact of squeeze

(2) Fastener types evaluated:

"* Upset rivets

- Aluminum panel--AD rivets

- Titanium panels--bitmetallic titanium rivets

"* Pins

- Titanium

"* Collar

- Al•minum panel--aluminum collar

- Titanium panel--Cres collar.

(3) Flush fasteners were countersunk:

9 No dimpling (skin gages selected were sufficiently

thick to make dimpling unnecessary).

(4) Hole preparation accomplished by combination of drill

and countersink.

(5) Tolerances--location and holo size& corresponded t•o

individual company standards.

(6) No shimming, fitup, or trimming of assembly.

(7) Rivet heads were as driven with no shaving required.

(8) No sealing required in baseline assemblies.

(9) No mastered hard points or interchangeabi. ty requirements.

(10) Manual assemblies were assumed to be deburred at mating

surfaces.

(11) No finishing, e.g., paint or prime, required after driving

fasteners.

(12) All assemblies were evaluated in aluminum and titanium

materials.
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APPENDIX C

MC/DG FORMAT AND GROUND RULE LOCATOR FOR

AIRFRAMES AND ELECTRONICS
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U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

GROUND RULE LOCATOR
Contract Numbem:

"* F33615.75.C-619i
"* 33615-77.C4027
"* FaS6.76.C.4102
* F3361545-C-5016

MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology Page
Type/Number Date and Ground Rules Numbers

Final Report No. September e Sheet-Metal Aerospace Discrete 1 to 7
AFWAL-TR-80-4115 1980 Parts
Volume 11

a Mechanically Fastened Assemblies 26 to 30

e Advanced Composites Fabrication 37 to 44

Final Report No. * Machining 4.10-161
AFWAL-TR-83-4033 to
Vol. V-Machining 4.10-166

Final Report No. e Composite Fabrication A-i to
AFWAL-TR-88-4049 A-9

* Mechanically Fastened Assembly B-1 to

* Superplastic Forming C-1 to
C-7
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U.S.-Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

GROUND RULE LOCATOR
Contract Numberv

* F13311S-75-C-5194
e 131=15-774C-4027
a FP3618-79-C-5102
* F3361545-C4016

MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology Page
Type/Number Dwe and Ground Rules Numbers

Interim Report No. 2 e Test, Inspection and Evaluation (TI&E)

IR 4502/9-1I' June
1980 - Shiet Metal Parts A-i to A-5

- Mechanically Fastened Assemblies A-6 to A-9

- Advanced Composites Fabrication A-10 to
A-13

- Machining A-14 to
A-18

& Castings (Includes Castings TI&E) A-19 to
A-25

Interim Report No. November . Forging@ 86 to 91
IR 4502/9-VIII 1981

e Extrusions 92 to 98

C
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U.S. Air Force

ICAM "Manufacturing Coat/Deslgn Guide" (MC/DG)

FORMAT LOCATOR
Contralt Numhvs

* F2M11S-?S-C-61S
* 3315-"7,,C-502?'

" " P23615454.C1106

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date and Format Development Stage Number Numrbers

Final Report No. December CONCTUAL FOPRMATS
AFlIL-TR-76-227 1976

"* Forsings - 118-148

"* Coatings - 160-183

"* Machining - 191-201

"* Chemical Milling - 206-220

"* Surface Texture and Tolerances - 23b--45

"* Hatal Forming - 253-267

"* Fiberglass Lamndatas - 270-292

"* Surface Treatmut - 298-302

"* Welding - 311-318

" Adhesive Bonding - 324-344

"e Mechanically Fastened Asseublies - 347-357

"e Wld-Bonding - 361-365

"* Diffusion bonding - 373-379
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U.S. Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contarlct Numben•

* F3MIS75--C-.S1
a F3361 &.77-C11027
a F33l5-?3-C-5102
a F33S1NMI5".C4016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date and Format Development Stage Number Numbers

Final Report No. September PUBLICATION FORMATS
AFWAL-TR-80-4115 1980
Volume I s Sheet-Metal Fabrication Lowest

Cost Processes

- Aluminum CED-A-1 to 81-104
CED-A-24

- Titanium CED-T-1 to 108-116
CED-T-9

- Steel CED-S-1 to 120-129
CED-S-10

- Duiaraer-Influenced Cost DICE-0 to 133-146
Elementus (DICE) DICE-13

e Comparison of Manufacturing CDE-P-I to 150-152
Technologies for Sheet-Hotel CDE-P-II7
Aerospace Discrete Parts

* Comparison of Structural Sections CDE-M-I and 156 & 157
for Sheet-Metal Aerospace Discrete CDE-M-II
Parts CDE-M-l to 158-172

CDE-N-15

e Mechanically Fastened Assemblies CDE-HFA-I to 193-200
CDE-M1A-VII

CED-MFA-l 204-206
CED-MFA-3
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U.S. Air Force

ICAM "Manufacturing CosVDeslgn Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers:

a F33615-75-C-5194
o F33615-77-C-5027
* F33615-79-C-5102
* F33615-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date and Format Development 8tag& Number Numbers

Final Report No. September PUBLICATION FORMATS
AFWAL-TR-80-4115 1980
Volume I e Advanced Composites Fabrication

- Graphite/Epoxy CDE-G/E-I to 225-231
CDE-G/E-VI I

CED-G/E-1 to 235-246
CED-G/E-12

- Designer Influenced Cost DICE-G/E-1 to 250-255
Elements (DICE) DICE-G/E-6

Final Report No. March e Machining
AFMAL-TR-83-4033 1985
Vol. V-Machining - Cost Hazards 4.10-26

to
4.10-28

- Cost Driver Effects CDE-M/C-I to 4.10-37
CDE-N/C-XVII to

4.10-53

- Cost Estimating Data CED-M/C-1 to 4.10-55
CED-N/C-66 to

4.10-122

- General Machining Features CED-M/C-I to 4.10-123
CED-M/C-XXIII to

4.10-146

- Nonrecurring Costs NRC-N/C-1 to 4.10-147
NRC-M/C-13 tO

4.10-160
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U.S. Air Force
ICAM "Manufacturing Co*VDeslgn Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers:

* F33615-75-C-5194
* F33615-77-C-5027
* F33615-79-C-5102
9 F33615-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date andFormat Development Stage Number Numbers

Final Report No. May e Composite Fabrication
AFWAL-TR-88-4049 1989 - Cost Driver Effects (Rcsin) CDE-CR-IA to 5-9 to

CDE-CR-VIIA 5-15

- Cost Driver Effects (Configuratton) CDE-C/E-I to 5-16 to
CDE-C/E-XII 5-27

- Cost Driver Effects (TI&E) CDE-TI&E-C/E-I to 5-28 to
CDE-TI&E-C/E-V 5-32

- Cost Estimatirg Data (Lineal CED-C/E-L1 to 5-34 to
Shapes) CED-C/E-L34 5-67

- Cost Estimating Data (Lineal CFD-TI&E-C/E-L1 to 5-68 to
Shapes/TI&E) ED-TI&E-C/E-M2 5-79

- Cost Estimating Data (Panels) CED-C/E-P1 to 5-81 to
CED-C/E-P20 5-100

- Cost Estimating Data (Panels/ CED-TI&E-C/E-P1 to 5-110 to
TI&E) CED-TI&E-C/E-P8 5-117

- Cost Estimating Data (Shear Webs) CED-C/E-W1 to 5-124 to
CED-C/E-W16 5-139

- Cost Estimating Data (Shear Webs/ CED-TI&E-C/E-Wl to 5-140 to
TI&E) CED-TI&E-C/E-W12 5-151

- Cost Estimating Data (Assembly) CED-C/E-A1 to 5-153 to
SCED-C/E-A3 5-155

- Designer Influenced Cost Elements DICE-C/E-1 to 5-101 to
(Panels) DICE-C/E-9 5-109

- Designer Influenced Cost Elements DICE-TI&E-C/E-1 to 5-119 to
(TI&E - Panels) DICE-TI&E-C/E-4 5-122
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U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers:

"* F33615-75-C-5194
"* F33615-77-C-5027
"• F33615-79-C-5102
"* F33615-85-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date and Format Development Stage Number Numbers

Final Report No. May a Mechanically Fastened Assembly
AFWAL -TR-88-4049 1989
(Continued) - Cost Driver Effects CDE-MFA-I to 7-8 to

CDE-MFA-XXII 7-29

- Cost Estimating Data (Aluminum) CED-MFA-1,2,5,6, 7-30,7-31
7,10 & 12 7-34 to

7-36,7-39
& 7-41

- Cost Estimating Data (Titanium) CED-MFA-3,5,8,9, 7-32,7-34,
13 & 15 7-37,7-38

7-42 &
7-44

- Cost Estimating Data CED-MFA-16,18 & 19 7-45,7-47
(TI&E - Aluminum) 7-48

- Cost Estimating Data CED-MFA-17 & 19 7-46 &
(TI&E - Titanium) 7-48

* Superplastic Forming/Diffusion
Bonding (SPF/DB)

- Cost Driver Effects CDE-SPF-I to 6-17 to
CDE-SPF-XXXVI I 6-53

- Cost Estimating Data CED-SPF-1 to 6-54 to
CED-SPF-13 6-66

- Test, Inspection & Evaluation CED-SPF-14 to 6-67 to
(TI&E) CED-SPF-24 6-77

C-8



U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers:

e F33615-75-C-5194
* F33615-77-C-5027
9 F33615-79-C-5102
a F33615-OS-C-5016

MC/DG FOR AIRFRAMES
Report Report Manufacturing Technology Format Page

Type/Number Date and Format Development Stage Number Numbers

Interim Report No. 2 DRAFT FORMATS
IR 4502/9-1I June

1980 e Test, Inspection and Evaluation
(TI&E)

- Advanced Composites Fabrication CED-G/E- 35 to 46
TI&E-l to

-- Graphite/Epoxy CED-G/E-
TI&E-12

-- Designer-Influenced Cost DICE-G/E- 47 to 53
Elements TI&E-1 to

DICE-G/E-
TI&E-7

e Castings CDE-IC to 64 and 71
CDE-9C to 78

CED-1C to 65 to 70
CED-16C and

79 to 88

Interim Report No. March DRAFT FORMATS
IR 4502/9-V 1981

* Castings 38 to 44

Interim Report No. November CONCEPTUAL FORMATS
IR 4502/9-VIII 1981

* Forgings A-i1 to
A-39

a Extrusions B-2 to
B-15
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U.S. Air Force

ICAM "Manufacturing CosVDesign Guide" (MC/OG)

FORMAT LOCATOR
Contract Number:

# F33615-75-C-5194
* F33615-77-C-5027
* F3361-S790C-5102
* F33615"85-C-5016

MC/DG FOR AIRFRAMES

Re-port Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Interim Report Ka. January PRE-PUBLICATION FORMATS
IR 4502/9-IX 1982

Test, Inspection and Evaluation
(TI&E)

- Sheet Metal

-- Aluminum CED-TI&E-A-l
to

CED-TI&E-A-24

-- Titanium CED-TI&E-T-I
to

CED-TI&E-T-9

-- Steel CED-TI&E-S-l
to

CED-TI&E-S-l1

- Designer Influenced Cost DICE-TI&E-l
Eleme~tas (DICE) to

DICE-TI&E-6

- Comparison of Manufacturing CDE-TI&E-P-I
Technologies for Sheet-Metal to
Aerospace Discrete Parts CDE-TI&E-

P-Ill
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U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbem,

e F33615-75-C-5194
e F33615-77-C-5027
* F33615-79-C-5102
* F33615-65-C-5016

MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology F;7 ,t Page
Type/Number Date and Format Development Stage Numuer Numbers

Interim Report No. January PRE-PUBLICATION FORMATS
IR 4502/9-IX 1982

e Test, Inspection and Evaluation
(TI&E)

- Comparison of Structural CDE-TI&E-M-I
Sections for Sheet-Metal to
Aerospace Disctete Parts CDE-TI&E-

M-IIl

CED-TI &E-M-l
to

CED-TI&E-M-9

- Mechanically Fastened CED-TI&E-
Assemblies MFA-1 to

CED-TI&E-
MFA-3

DICE-TI&E-

MFA-l

- Advanced Composites Fabrication

-- Graphite/Epoxy CDE-TI&E-
G/E-I

CED-TI&E-
G/E-l to

CED-TI&E-
G/E-4

DICE-TI&E-
G/E-l to

DICE-TI&E-
G/E-4
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U.S. Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract NumbeIr

* F33615-77-C45027
* FM1S-79-C-S102
* F36114-5.C45016

MC/DG FOR AIRFRAMES

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Interim Report No. January PRE-PUDLICATION FORM&TS
IR 4502/9-IX 1982

* Test, Inspection and Evaluation
(TU&E)

- Machined Parts

-- Aluminum CED-TI&E-HP-
A-1 to

CED-TI&E-MP-
A-5

Titanium CED-TI&E-iP-
T-1 to

CED-TI6E-MP-
T-4

Steel CED-TI&E-MP-
S-1 to

CED-TI&E-HP-
S-4

Comparison of Materials CED-TI&E-MP-
M-1 to

CED-TI&I:-MP-
H-5

Designer-Influenced Coot DICE-TI&E-
Elemnts (DICE) 1P-1

-Raw Castings CED-TI&E-C-1
to

CED-TI&E-C-3
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U.S. Air Force

ICAN "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contrmi Numbers:

"* F33615-75-C-1194
"* F&3W41577"-C-027
* FP3=16-79-C-S102
* F23154-US.C-616

MC/DG FOR AIRFRAMES

Repri t Neport Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Interim Report No. January PRE-PUBLICATION FORMATS
IR 4502/9-IX 1982

e Castings

- Raw Castings DEI-C-I to
CDE-C-VII

CED-C-1 to
CED-C-6

)ICE-C-I to
DICE-C-3

- Machining of Castings CDE-MC-I to
CDE-MC-IIU

CED-NC-i to
CED-MC-6
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U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbem:

"M I361l-75-C-S194
* I261.77ST.C.402?

* F2311.75.410W1

MC/DG FOR AIRFRAMES
Raport Report Manufacturing Technology Format Page

Type/Number Date and Format Development Stage Number Numbers

Interim Report No. Jazuary DRAFT FORMATS
IR 4502/9-IX 1962

* Forgingsa

- Aluminum

- Titanium

- Steel
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U.S. Air Force
ICAM "Manufacturing CoetDe~sgn Guide" (MC/DG)

FORMAT LOCATOR
CotatNumbers:

* P3301S-70-0-C114
* F2MISl.-77-C-027
* F33615-7.C1441@2
* P231-5.I5.C4016

MC/DG FOR AIRFRAMES
RePort Replot Manufacturing Technology Format Page

Type/Numbew Date and Format Development Stage Number Numbers

Monthly Status 5 DRAFT FORMATS
Report No. 4 May

1960 Castings 1C to 25C 32 to 56

Monthly Status 3 CONCEPTUAL FORMATS
Report No. 21 November

1981 * Forginge - A-1l to
A-39

s Extrusions - B-2 to
9-15

Monthly Status 10 CONCEPTUAL FORMATS
Report No. 22 December

1961 0 Extrusious A-1 and
A-2
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U.S. Air Force

ICAM OManufacturing CosutDesIgn Guide" (MC/DG)

GROUND RULE LOCATOR
Cotrs Numf

* FP2315.75C-41U4
* P2M!15-77-.-4027
* F'3M15679"C41O2
* P326l1145"C'6016

MC/DG FOR ELECTRONICS

Report Report Menuflcturlng Technology Page
Type/Number Data end Ground Rules Numbers

Interim Report Wi. November e Klectronics Fabrication, Assembly, and Test 66 to 72
IR 4502/9-VIII 1981
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U.S. Air Force

ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contrast Numbew

* PS31S-75-C-5194
* P33415-&74-5027
* 13615-79"C-5102

0 F=316"86"C'616I

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development StAge Number Numbers

Interln Report No. March DRAFT FORMATS
IR 4502/9-V I9F

" Electronics Fabrication, Assembly.
and Test

- Interconnect, Irsertion and 30-35
Soldering Process

Interim Report No. MEY DRAFT FORMATS
IR 4502/9-VI 1981

" Electronics Fabrication, Assembly,
and Test

- Conceptual Design Phase CDE-E-IA 13-16

CDE-E-IIIB
CDE-E-IVA

- Interconnect, Insertion and 18-26
Soldering Process

_-
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U.S. Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers

e 1133615-75.C-5194
* F33615.77-C-5027
* FM1S-79-C-5102
* P361-e45-C-S016

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Interim Report No. Audust PRE-PUBLICATION FORMATS
IR 4502/9-VII 1981

* Electronics Fabrication, Assembly
and Test

- Insertion Process: Printed CED-AD-1 to R-1 to
Wiring Assembly (PWA) CED-AD-13 B-13

- Soldering Process: Printed CED-AD-I to C-I to
Wiring Assembly (NWA) CED-AD-XIII C-13

Interim Report No. NovembeT PRE-PUBLICATION FORMATS
It 4502/9-VIII 1981

* Electronics Fabrication, Assembly
and Test

- Conceptual Design Phase CDE-E-l to 31-65
CDE-E-VIB
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U.S. Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbpm

e F33615-75-C-5194
* F33615-77-C-6027
* F33615-79C-5102
* P1sa 4s-S-C-c1ie

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development stage Number Numbers

Monthly Status 26 CONCEPTUAL FORMATS
Report No. 12 January

1981 a Electronics Fabrication, Assembly.
and Test

- Conceptual Design Phase - A-3 to
A-10

- Detailed Circuit Design Phase - B-3 to
B-IJ

- Detai.ied Mechanical Design Phase - C-j to'
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U.S. Air Force
iCAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbomw

* 133615-75-C-5194
* F3361 .77-C4027
e F'33=1-79-C-5102
* F3,,1541S-C-5 16

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Monthly Status 10 PRELIMINARY FORMATS
Report No. 13 March

1981 e Electronics Fabrication, Assembly,
and Test

- Conceptual Design Phase CDE-E-I to 24 to 36
CDE-E-V

- Part Selection A-1 to
A-9

- Interconnect Between Components A-10 to
or Assemblies A-15

- Process Electrical or A-16 to
Mechanical A-21

C- 20
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Contract Numbers:

* F33615-75-C-5194
9 F33615-77-C-5027
* F33615-79-C-5102

* * F33615-85-C-5016

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format 'Page
Type,'Number Date and Format Development Stage Number Numbers

Monthly Status 15 DRAFT FORMATS
Report No. 14 April

1981 a Electronics Fabrication, Assembly,
and Test

- Interconnect, Insertion and 10 to 15
Soldering Process

Nonthly Status 15 DRAFT FORMATS
Report No. 16 June

1981 * Electronics Fabrication,. Assembly,
and Test

- Conceptual Design Phase rDE-E-I.A 9 to 13
CDE-'E-IIIB
CDE-E-IVA
CDE-E-IVC

- Interconnect, Insertion and 18 to 26
Soldering Process

Monthly Status 23 DRAFT FORMATS
Report No. 17 July

1981 * Electronics Fabrication, Assembly
and Test

- Insertion Process: Printed CED-AD-1 to A-1 to
Wiring Assembly (PWA) CED-AD-13 A-13

- Soldering Process: Printed CED-AD-I to B-I to
Wiring Assembly (PWA) CED-AD-XIII B-13

C-21



U.S. Air Force
ICAM "Manufacturing Cost/Design Guide" (MC/DG)

FORMAT LOCATOR
Contract Numbers.

e F33615-75-C-5194
* F33615-77-C-5027
* F33615-79-C-5102
0 F33615-85-C-5016

MC/DG FOR ELECTRONICS

Report Report Manufacturing Technology Format Page
Type/Number Date and Format Development Stage Number Numbers

Monthly Status August DRAFT FORMATS
Report No. 18 1981

e Electronics Fabrication, Assembly,
and Test

- Part Selection - 6 to 9

- Built-In-Test Equipment (BITE) - 14 and 15

Monthly Status 28 DRAFT FORMATS
Report No. 19 September

1981 a Electronics Fabrication, Asseubly,
and Test

- Soldering and Insertion Process 7 to 10

Monthly Status 23 DRAFT FORMATS
Report No. 20 October

1981 Electronics Fabrication, Assembly,
and Test

- Part Selection CED-E-XX and 11 and 17
CED-E-YY

- Interconnect, Insertion and 12 to 16
Soldering Process

- Conceptual Design Phase CDE-E-I to
CDE-E-VIB 25 to 55 A

C-22
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